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ABSTRACT 
Femtosecond pulsed laser (FPL) micromachining is a direct-writing technique in 
which an ultrashort pulse laser beam is focused to dimensions of a few microns inside or on 
the surface of the substrate and then moved around using a X-Y positioning table, thereby 
creating either features or patterns as required. It outperforms conventional micromachining 
technologies due to advantages such as precise resolution, minimal thermal or shock damage, 
and absence of discrimination among materials. 3C-SiC is a very important semiconductor in 
electronics and opto-electronics and more recently regarded as an optimal candidate for 
structural or coating applications in microelectromechanical systems (MEMS) used under 
harsh and high-temperature environments. However, it is a very difficult material to be 
machined or etched by mechanical or chemical methods. 
In this work, fundamental studies on the interaction of femtoseond pulsed beam with 
3C-SiC films were performed. The influence of laser parameters such as pulsed energy on 
the ablation and calculations of damage thresholds and ablation rates were determined. Based 
on these results, MEMS structures including micromotors, microturbine rotors, and lateral 
resonators were patterned with good quality and repeatability. Research demonstrates that 
FPL micromachining is capable of offering a unique solution to overcome the traditional 
barriers in SiC machining method, opening up opportunities for SiC materials to be used in 
industrial environment. 
As a spinoff of femtosecond pulse micromachining, nanostructuring of 3C-SÎC films 
on Si was observed. Nanoparticle surfaces were further studied in terms of formation 
conditions and characterizations of crystal structure and related properties. "Incubation" 
X 
efïects were identified and Coulomb explosion mechanism was proposed to be responsible 
for the generation of nanoparticles. 
Results of research enhance our current understanding of ultrashort pulse-matter 
interactions and offer potential applications for SiC-MEMS. 
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CHAPTER 1. INTRODUCTION 
Broad applications of femtosecond pulsed lasers (FPL) have been witnessed in 
numerous areas of science and engineering since its invention over the past decades. 
Micromachining by FPL is a potential ramification of micromachining technologies when 
manufacturers incessantly shrink their product size down to meet their needs. The reason is 
simple. FPL's precise localized-energy deposition, minimal collateral damage and 
wavelength-independence make it a standout for ultra-precise machining. 
The purpose of research is to systematically investigate femtosecond laser micro-or 
nanomachining and nanostructuring of 3C-SiC films on Si substrates. 3C-SiC is chosen as 
the material because of its potential for numerous applications and lack of good micro-
fabrication techniques due to its chemical inertness and hardness. The difficulty in machining 
SiC is the principal bottleneck of exploiting its potential applications, particularly its use for 
MEMS devices. Other difRcult-to-machine materials such as diamond-like-carbon thin films 
were also investigated. 
This body of investigation with the central theme of femtosecond laser micro- or 
nanomachining includes following sections: 1) design of optical delivery systems for 
micromachining and nanostructuring; 2) experimental investigations of the effects of laser 
parameters on generating micro- or nanostructures and characterizations and evaluations of 
micro- or nanostructures by various diagnostic techniques, for example, SEM, AFM, XRD, 
AES, and micro-Raman spectroscopy; 3) computation of key parameters like damage 
threshold and ablation rate using basic laser physics so as to obtaining high-quality patterning 
of MEMS structures and unveiling the physical picture of laser-matter interactions; 4) pattern 
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of MEMS structures through positioning-table motions; 5) understanding of physical 
mechanisms and formulation of an analytical model of the interaction of ultrashort laser with 
3C-SÎC. The research results not only offer a proof of the capability of femtosecond pulses 
laser in this rapidly expanding area of micromachining, but also And its perspectives in 
nanostructuring of material surfaces. 
Dissertation organization 
The dissertation is organized into nine chapters and two appendices. Chapter 1 (this 
chapter) states the objectives of the research and provides a brief summary of the studies that 
are presented in latter chapters. Chapter 2 provides literature review of recent developments 
in laser micromachining. Chapter 3, a paper published in Jowma/ of facer j4#p/;cafz'<mr, 
reports on the investigation of using the self-focusing capability of air induced by high-
energy femtosecond pulses to produce nanostructures. In this paper, the effects of pulse 
energy, the number of pulses, pulse repetition rate and x-y translation speed on the size, 
shape and thermal damage of holes and grooves were evaluated. Despite the capability of air 
medium to produce tiny holes of few pm diameters, the shape of the hole is highly 
asymmetrical due to the beam profile distortion. A comparison of femtosecond pulsed laser 
ablation with nanosecond pulsed laser ablation demonstrated the advantages of small size, 
minimal thermal damage and cleanliness for ultra-short pulses. Chapter 4, a paper published 
in the PAyazc? A- Mzfen'ok Science & .Processing, presents the threshold fluence 
and ablation rate, useful for the micromachining of the 3C-SiC films. It discusses the role 
played by energy fluence on the material removal mechanisms. The effect of "incubation" 
due to accumulation of defects was experimentally verified. Helium assisted in improving the 
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processing quality and ablation rate of SiC thin 61ms due to its inertness and high ionization 
potential. Chapter 5, a paper published in the JowrW of MzcromecAaMzca aW 
MzcroengzHeerzMg, reports on laser-assisted surface micromachining of 3C-SÎC thin films on 
Si substrate for the patterning of MEMS structures such as micromotor, gas turbine rotor and 
lateral resonators. Besides, it demonstrates that the high-quality membranes of pressure 
sensor with controllable diameter and thickness can be produced using laser-assisted bulk 
micromachining of 6H-SiC. Femtosecond laser direct-writing is a promising technology for 
structuring of MEMS devices. Chapter 6, two combined papers, one published in 
f%#zcr Zeffers and the other submitted to P&yazca &<zfwa Sb/zWz reports on the formation 
of highly-oriented, uniform, and spherical nanoparticles of 3C-SiC as a result of Coulomb 
explosion caused by the interaction of near infrared ultrafast laser pulses with 3C-SÎC thin 
films grown on Si substrate. The formation mechanism, size, shape, composition and 
structure of nanoparticles were analyzed by means of SEM, AFM, XRD, AES and Raman 
spectroscopy. Chapter 7, a paper submitted to Sur/âce 5"czence, presents that 
femtosecond laser micromachining of thin diamond-like carbon (DLC) films on silicon in 
two aspects: one is to estimate ablation threshold and investigate the influence of ablation 
parameter on the morphological features of ablated regions; two is to compare the results 
with picosecond pulsed laser ablation. Chapter 8 summarizes the generic conclusions drawn 
from this body of research, and suggests future work for clarifying the physical mechanism 
in more details in order to best understand and direct experiments. 
Appendix A provides a detailed derivation for the B-integral, which characterizes the 
extent of nonlinear effects of self-focusing and/or filamentation. Appendix B 
comprehensively analyzes the physical mechanisms of ultrashort laser-matter interaction 
4 
from the viewpoints of both microscopic electron-phonon dynamics and macroscopic heat 
transport. An analytical model of the interaction of femtosecond with 3C-SiC was developed. 
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CHAPTER 2. LITERATURE REVIEW 
LASER MACHINING 
Laser machining is a material removal process accomplished through laser and target 
material interactions [1]. The basic mechanisms include absorption of photon energy and 
conversion of light energy to thermal energy or photochemical energy. Material is removed 
by melting and blowing away, or by direct vaporization/ablation or by bond breaking. Laser 
machining is a non-contact process yet it has high spatial confinement. The forces in laser 
machining are small. The photon pressure is negligible. In contrast, the traditional machining 
processes rely on mechanical stresses induced by tools to break the bonds of materials. 
Laser machining produces narrow heat affected zone and re-solidified layer in micron 
dimensions. It can machine hard materials or brittle materials such as ceramics by judicious 
selection of laser wavelength. High aspect ratio holes with small diameters impossible for 
other methods can be drilled using lasers. Laser machining offers unmatchable flexibility. 
Laser light can be transmitted and reflected to the desired locations at high speeds so that 
precise 3D machining can be conveniently realized. The combination of fiber-transmitted 
laser energy and robotic technology can provide a system with great dimensional freedom. 
Fixtures can be greatly simplified due to the non-contact nature. Laser machining is 
extremely sensitive due to the focusing property of the laser beam. At focus, the laser 
intensity is highest and away from it, laser intensity drops rapidly. The depth of focus of the 
laser beam is relatively small (tens of microns to around a few millimeters), thus limiting the 
cutting depth. By comparison, traditional machining processes cause large areas of work 
damage. These involve various tools for materials with different hardness or abrasiveness. 
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Further treatment is necessary to remove dross adhesion and edge burr in order to obtain high 
precision. 
Some traditional machining methods can achieve better surface qualities than laser 
machining process in the macro-scale applications. However, it is usually more economical 
and efficient to use laser machining process for micro-scale applications because of its low 
thermal damage to workpiece. The kerf in laser cutting can be made very narrow (<100 pm), 
the depth of laser drilling can be controlled to less than one micron per laser pulse and 
shallow permanent marks can be made with great flexibility. Small blind holes, grooves, 
surface texturing and marking can be achieved with excellent quality. However, this also 
means low material removal rate in laser machining process compared with traditional 
machining. Laser machining is not efficient for bulk material removal through pure thermal 
effects. At present, there is growing interest in the precise fabrication of micro- and 
nanostructures such as motors, optics, sensors, fluid control devices, actuators, miniature 
valves, pacemakers, implants, and catheters. The traditional mechanical approaches of 
cutting, drilling, and shaping materials are no longer satisfactory for fabricating micron-scale 
structures. Instead, beam techniques based on photons, electrons, and ions are used to 
produce high-resolution structures. Lasers have been proven as effective tools in 
micromachining. Lasers have been used to solve fine machining problems in numerous 
fields, including medical devices, telecommunication, microelectronics, fiber optics, data 
storage, instrumentation, and micro-optics. Compared with other technologies for 
micromachining applications, lasers are suitable for those applications that demand more 
precision, speed, and "direct-write" capability. Lasers can also work on most materials and 
are environmentally friendly. 
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Ultraviolet (UV) lasers are widely used for micromachining applications. The most 
popular and commercial UV lasers include excimer, argon-ion, tripled and quadrupled 
Nd:YAG, fluorine, helium-cadmium, metal vapor, and nitrogen. Among these, excimer lasers 
(193 to 351 nm) are the best choices, but Nd:YAG lasers may be considered if they are Q-
switched and frequency- quadrupled to produce 266 nm. 
Nd:YAG LASER MACHINING [2,3,4] 
Nd:YAG laser is one of the two common solid-state lasers (the other one is Ndiglass 
laser). Y AG is a complex crystal of Yttrium-Aluminium-Garnet with a chemical composition 
of Y3AI5O12, and it is transparent and colorless. About 1% Nd^ (Neodinium) ions are doped 
into the YAG crystal, and the crystal color then changes to a light blue color. Nd^ ions are 
suspended in crystalline matrix to generate laser light. The ions emit electrons when excited, 
the crystalline matrix spreads the energy among the ions. Nd:YAG laser uses krypton or 
xenon flash lamps for optical pumping. Its power can be up to several hundred watts in 
continuous mode, and high pulse rates (50 kHz) can be reached. The fundamental 
wavelength of Nd:YAG laser is 1.06 pm. Nd:YAG lasers are designed to operate in 
continuous mode or pulsed mode. The pulse width varies from 1 ms to 10 ns. Q-switched Nd: 
YAG lasers may have second-harmonic (X = 532 nm), third-harmonic (X = 355 m), and 
fourth-harmonic beams (X = 266 nm) by double-, triple-, and quadruple-frequency 
technology. In this way, the green and ultraviolet beams can be obtained with capability to 
focus smaller spots than the infrared beams because of the short wavelength. In addition, a 
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wider range of materials can be processed because of the absorption of the different materials 
at different wavelengths. 
Both infrared and ultraviolet Nd:YAG laser processing are well established and have 
reached routine production status for a variety of applications in the electronics industry. 
These applications include: 
* Resistor trimming; 
» M'a drilling (Figure 2.1a); Frequency-tripled and frequency-quadrupled Nd:YAG 
lasers offer the attractive characteristic of very high absorption in many materials of 
interest, such as polyimide materials, resulting in fine machining of flex circuits and 
multichip modules. 
* Removal of small amounts of unwanted metallization on master patterns used for 
making photographic masks for integrated circuit chips; Frequency-doubled Nd:YAG 
lasers operating at 532 nm are often used since the absorptivity of the metal is 
relatively high at this wavelength. 
* Metallization of copper for the interconnecting links; 
» Laser tape-automated bonding of leads to integrated circuit input-output pads; Laser 
bonding has less chance of damaging the chip because of its localized nature, which 
is an advantage over conventional techniques like thermocompression bonding. 
Materials that have been used include gold, copper, and tin. The rate of formation of 
the bonds can be high, greater than 60 per second. This is a growing yet relatively 
small interconnection application for millisecond pulse Nd:YAG lasers. 
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* Hermetic sealing of electronic packages by laser welding, a final packaging 
application for which infrared Nd:YAG laser with pulses in the millisecond regime is 
served. Laser welding has the advantages of no damage or distortion of the delicate 
components in the package and smaller heat-affected zone than the competing 
techniques such as tungsten-inert gas (TIG) welding and resistance welding. Laser 
welding provides production package sealing with excellent hermeticity and good 
shock and vibration resistance. 
» Laser annealing of ion - implanted layers, for which Q-switched Nd:YAG lasers with 
pulse duration around 100 nsec has been most often used. The duration of laser 
annealing is short enough to retain the intrinsic advantages in comparison with 
conventional methods, though it is not economically viable for production 
application. 
Scribing (Figure 2.1b) and marking of silicon may be done with Nd:YAG laser 
because silicon absorbs well at wavelengths near 1 micron. Laser marking, instead of 
conventional printing and stamping, provides an attractive alternative for durable permanent 
marks with no possibility of contamination. It also compares favorably with other marking 
systems, when the comparison is based on throughput, performance and flexibility. Nd:YAG 
laser scribing and marking have many applications in electronics, cosmetics, food and 
beverage, and optical industries including grooving of micro-channels for cooling systems 





Figure 2.1. (a) lOO^m diameter blind microvia drilled in a PCB. Nd laser trepanned 
hole in top copper conductive layer, (b) a thin Rim of ITO on glass scribed with 25pm 
wide tracks by the Q-switched 3rd-harmonic Nd laser machine. (Source: Exitech Ltd) 
Nd:YAG lasers also play an important role in medical applications. In coagulation 
and tissue evaporation, cw Nd:YAG lasers with powers as high as 50 W are used; the beam is 
delivered, through an optical fiber inserted into a conventional endoscope, to the internal 
organs (lungs, stomach, bladder) of the human body. Repetitively Q-switched Nd:YAG 
lasers are used for photo-disruption of transparent membranes of pathological origin, which 
can appear in the anterior chamber of the eye (e.g., secondary cataract) or for iridectomy. 
Nd:YAG laser's scientific applications are in the areas of micromachining or 
microstructuring where Q-switched lasers with their frequency-tripled harmonic and 
frequency-quadrupled harmonic as well as mode-locked lasers were often considered. The 
reason is that the absorption is higher in UV region and many materials are best machined 
using UV laser sources. Drilling and cutting of various materials including ceramics (ZrOz, 
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AI2O3, S13N4, Diamond and WC), polymers (PETG, PMMA), metal and semiconductor were 
investigated. Efïects of absorption, energy density, repetition rate and time for drilling on the 
maximum diameter, maximum depth, removal depth per pulse and quality of processing were 
determined. 3D-microstructure, fabrication of optical fiber, and rapid prototyping of 
micromechanical devices are explored using Nd:YAG lasers. Though the feasibility was 
proven, the small feature size and high quality of processing are not best achievable due to 
the limitation of the pulse duration (nanosecond). 
EXCIMER LASER MICROMACHINING (3,5,6] 
Excimer lasers represent an interesting and important class of molecular lasers 
involving transitions between different electronic states of special molecules referred to as 
excimers. Typical excimer complexes include argon fluoride (ArF), krypton fluoride (KrF), 
Xenon fluoride (XeF), and xenon chloride (XeCl). The output wavelengths of the excimer 
lasers vary from 193 to 351 nm in the ultraviolet to near-ultraviolet. Fluorine (F%) excimer 
laser has the shortest wavelength of 157 nm. Excimer lasers have high repetition rates up to 
500 Hz and high average powers up to 100 W. Excimer laser can be operated only in the 
pulsed regime. The pulse duration is in the range of several tens of nanoseconds and the pulse 
energy is on the order of hundreds of millijoules. The efficiency of these lasers is relatively 
high (2-4%) as a result of the high quantum efficiency and high efficiency of the pumping 
processes. 
The physics of the material removal process for excimer lasers is different from that 
of CO2 or Nd:YAG lasers, which operate in a visible or infrared wavelength regime and 
remove materials with low to medium resolution through melting or vaporization. The UV 
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excimer lasers remove material with high resolution through ablation, direct decomposition 
of chemical bonds due to absorption of single or multiple photons (photolytic process) and 
heat-affected decomposition of chemical bonds (pyrolytic process). In ablation, structures in 
the sub-micrometer to micrometer range can be formed transiently with minimum thermal 
effects. Processing with excimer lasers results in higher precision and reduced heat damage 
zones compared with COz and Nd:YAG lasers. Such benefits derive from their short 
wavelengths (193 to 351 nm), high energy per pulse, and nanosecond (ns) pulse widths. 
In general, the small wavelengths allow strong interactions of the beam with a variety 
of materials, however, the UV excimer-material interaction mechanisms may still be 
differentiated based on the type of material bonds. The photolytic interaction is dominant for 
covalent bonds, which is very common in polymer and organic materials, and partially for 
ionic bonds [7]. Pyrolytic-dominated mechanism is accountable for excimer laser interaction 
of other materials, e.g. ceramics, glasses, and metals. 
Due to the above-mentioned characteristics, excimer laser ablation is extremely 
desirable for polymer processing applications. The high photon energy of UV excimer laser 
radiation leads to a direct interaction of photons with electrons without excitation on the 
rotational and vibrational level [7]. As a result, excimer lasers for machining polymer have 
greater precision with sub-micron spatial and depth resolution. Pioneered by IBM and 
Siemens in the 1980's [8,9], excimer lasers have been used for drilling vertical 
interconnection arrays (vias) in polyimide layer for the production of multichip modules 
(Figure 2.2 a) and also investigated for drilling multilevel polymer printed wiring boards. 
This technique has proved to be faster and less expensive than the competing techniques of 
13 
wet etching or reactive ion etching. It is now commonplace to create via holes as small as 10 
micron in polyimide dielectrics for electronic packaging. Via drilling in microelectronic 
packaging continues to be a major application of excimer laser micromachining. 
(a) (b) 
Figure 2.2. Excimer laser drilling (a) 100pm i 100pm square via array in polyimide 
(Source: Resonetic, Inc.) (b) Array of 30pm diameter ink jet printer nozzles drilled in 
polyimide (Source: Exitech Ltd.) 
Applications of excimer lasers ablation are pervasive to semiconductors, data storage 
devices, medical devices, photonics and computer peripherals as well. Lithography exposure 
tools utilizing excimer lasers is truly one of the significant supplements. The 193 and 248 nm 
UV lights provide a good illumination source for achieving sub-micron-size features in 
semiconductor microchips. KrF-, ArF-laser-based photolithography offer desirable features 
for fabrication of DRAM devices with feature size of 0.25 pm, with adequate control of 
critical dimensions, overlay, and depth of focus, which may be regarded as a benchmark of 
microcircuit fabrication. Their high power output leads to short wafer exposure times. The 
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linewidth may be as narrow as a 1-2 picometers (pm) for frequency stabilized KrF lasers. 
This meets the linewidth requirements for the source, so that it is possible to design high-
performance all-quartz optical systems without the need for color correction. For photonics 
applications, its capability of writing sub-micron period relief gratings on polymer surfaces 
and fabricating fiber optic grating on inorganics are well demonstrated. Medical applications 
of excimer lasers, for example, include corneal sculpting, to change the refractive power of 
the eye and hence correct myopia and microchannel fabricating in polymers for "lab-on-
chip" components for biological analysis [10]. A popular use in computer peripherals is 
drilling very precise holes (ink-jet nozzles) in thin plastic films (polymeric substrates) (as 
used, e.g., in the ink jet printer head). Excimer lasers are also used to strip polymer 
insulation from fine wires to connect the head to the drive circuitry for data storage devices 
fabrication, remove metal films from polymer substrates, micromachine ceramics and 
semiconductors, and mark thermally sensitive materials, among other things. 
Another significant difference in machining between excimer and CO2 or YAG lasers 
is that the latter takes advantage of the beam interaction of the workpiece to machine and 
form the desirable 2-D or 3-D features through the programmed movement of workpiece 
while excimer lasers produce large area beams that are masked through a template to achieve 
the desired cutting area. The pattern of the mask may be transferred onto the workpiece with 
a proportional reduction in size through projection lenses of various magnifications. The 
workpiece is mounted onto precision XY stages. Laser processing can be achieved stationary 
or moving workpiece. With the help of synchronized scanning of die mask and workpiece 
with sub-micron precision, the transfer of large areas of the mask pattern onto the sample can 
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be realized. The features produced in the workpiece are a function of the mask shape, the 
relative motions of the mask and the workpiece and the firing of the laser. 
Excimer laser ablation in conjunction with mask projection techniques allows 
incredible flexibility in the types of processing and the geometries of the structures such as 
micro-channels, ramps, contoured surfaces with channels, micro-lens etc. Many areas are 
advancing rapidly from the use of the unique structures that can be produced by excimer 
laser micromachining techniques. In particular, micro-fluidic systems, where one or more 
fluids are mixed, separated or transported, are utilizing laser-produced features, and features 
such as ramps, reservoirs, channels and contoured shapes are being incorporated into 
production devices. 
FEMTOSECOND LASER MICROMACHESING 
Frequency-tripled, quadrupled Nd:YAG lasers and excimer lasers have achieved 
much progress in laser micromachining for feature sizes less than 100 ^im in part due to their 
short ultraviolet (UV) wavelength. But this wavelength has its limitation for processing a 
large class of transparent materials, including some glasses and plastics. The corrosive gases 
in the excimer lasers make handling difficult. The use of ultrafast (less than 1 ps) laser pulses 
opened up new opportunities for precision machining, which keeps pace with the application 
demands in the microelectronics and microfabrication industries and biomedical fields as 
structure sizes move to even smaller dimensions while the processing is free from collateral 
damage. 
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Femtosecond pulsed laser system 
Femtosecond pulsed lasers are also known as ultrashort or ultrafast pulsed lasers 
(pulse width <lps). A typical femtosecond laser system consists of an oscillator and an 
amplifier. The generation of femtosend laser pulses should be credited to both Ti:sapphire 
material and chirped pulse amplification (CPA) technology. 
Ti:sapphire is one solid-state material that has favorable characteristics such as high 
saturation fluence, high thermal conductivity, high damage threshold and broad bandwidth 
extending from 700 to 1100 nm for developing fs-pulses [11]. It not only can produce the 
very short seed pulses through Kerr-lens modelocking but also is nearly ideal for 
amplification. Ultrashort light pulses are firstly generated at a high repetition rates 
(-100MHz) with pulse energies in the range of nanojoules, and with pulsewidths in the range 
of 10 ^s to 10"'*s [12] by mode-locking means. CPA technique [13] is widely used to 
amplify the nanojoule pulse energy to microjoule and millijoule level for broader 
applications without damaging the optical components inside the amplifier. CPA is a process 
of stretching out, amplifying and recompressing the pulses. Before amplification, the 
pulsewidth is made longer by a factor of 1000 to 10,000 times in a pulse stretcher to reduce 
the damaging effect of peak intensity. The stretcher is a telescope of unity magnification, 
connecting two anti-parallel diffraction gratings. The longer the wavelength of light, the 
shorter the path they travel and thus the sooner they arrive at the next stage. [14]. The 
stretched pulse, with perhaps less than 1 W of peak power, is then amplified by passing 
through a high-energy-density medium, such as Ti: sapphire crystal in a regenerative 
amplifier. The crystal is excited either by a continuous-wave (CW) or Q-switched pump 
laser. After the streched seed pulse has made multiple passes through the gain crystal, the 
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amplified pulse with up to the several-gigawatt limit imposed by nonlinearities exits the 
amplifier. The amplified long pulse is recompressed back to its short pulse state by a pair of 
parallel gratings with the path length shortest for short wavelengths. When the pulse 
recompressed back to a few femtoseconds, peak powers of up to petawatts (10^ W) can be 
achieved. The average output power of a typical regenerative amplifier is about 1 W, 
depending on the choice of pump laser. The repetition rate of a regenerative amplifier is 
many orders of magnitude lower than the original seed laser, however, so the pulse energy 
and peak power are many times higher—how much higher depends on the repetition rate [15]. 
The ability of CPA type lasers to amplify pulses to extreme levels opens new avenues in 
science and technology. In science, scientists use it to explore applications in thermonuclear 
ignition or in the generation of high-energy photons (x-ray) or particles. In technology, 
femtosecond lasers can compare against electrodischarge machining (EDM) and focused ion 
beam (FIB) for micromachining at dimensions of less than 100 ^m, which are equipment-
intensive and have limitations. The prospects for ultrafast-pulse laser as an alternative look 
promising [16]. 
Mechanisms of femtosecond laser micromachining 
The physical mechanisms of femtosecond laser-induced ablation are not fully 
understood, which are strongly dependent on specific optical and thermodynamic properties 
of the solid, laser wavelength, and pulse duration. The mechanisms are essentially due to the 
transient behaviors and interactions among photons, electrons, and phonons. However, a 
wealth of valuable information on ultrashort laser-matter interaction has been obtained 
through investigations of materials processing by femtosecond laser. It is recognized that 
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ultrashort pulse duration exhibits advantages in terms of feature size and minimal collateral 
damage compared to long pulse duration (ns) in high-precision laser machining of materials. 
In the early 1990s, researchers at the University of Michigan (Ann Arbor, MI) shed 
light on fundamental differences of laser-matter interaction for femtosecond pulses from 
longer pulses. The mechanisms of laser-matter interaction are to a large extent determined by 
the time period to deposit energy into a material, thermal diffusion time and electron-phonon 
coupling time. For ultrashort pulses, laser energy is deposited at a time scale much shorter 
than both the heat transport and the electron-phonon coupling, the light-matter interaction 
process is essentially frozen in time. Subsequent electron-ion energy relaxation takes place 
on a much longer time scale than the laser-matter interaction time. With energy transfer from 
the electrons to the atomic lattice, material removal, ablation, and plasma formation occur. 
The irradiated zone changes from solid to vapor phase and to plasma formation almost 
instantaneously. Most of the locally heated materials directly vaporize because of extreme 
electron temperatures with many thousands of degrees Kelvin after absorption of the laser 
energy, though the resulting melt layer due to heat conduction also forms but the thickness of 
which is small [17]. For long pulses, the time of laser-matter interaction is much longer than 
the time of energy transfer from electrons to ions. Heat diffusion causes much larger melted 
volume than the focus spot. Upon absorption, the materials get molten and subsequently 
vaporize. Recoil pressure from the vapor flux and thermo-capillary force from the huge 
temperature gradient on the liquid-vapor interface provide the driving forces for melt 
ejection. 
For ultrashort pulses with visible or near-infrared wavelength, metals and 
semiconductors are strongly absorbing materials. There are two characteristic lengths - the 
thermal diffusion length (la = (kt,)^, t, is the laser pulsewidth and k is the thermal difïusivity 
of the material) and the absorption or penetration skin depth (ls=l/a, a is the absorption 
coefficient). When the laser pulse width t| is greater than a certain value te, la>l» for long 
pulses, and the volume of laser-heated materials is determined by the heat diffusion length. 
Ablation occurs from both the melt and vapor phases; as a result, the zone where melting and 
resolidification can occur is quite extensive, and the spatial resolution of processed structures 
is compromised [18]. When ld<lg for ultrashort pulses, the absorption skin depth determines 
material removal which occurs before the onset of energy loss due to diffusion. The ablation 
wave actually precedes the thermal relaxation wave so that ablation occurs from the vapor 
phase. Because the melt phase is minimal, ablation and material removal become highly 
precise. For long pulses, the fluence breakdown threshold varies with laser pulse width as F& 
oc For ultrashort pulses, this phenomenon is independent of pulsewidth. 
In general, the ultrashort laser ablation of metals and semiconductors is a linear 
absorption process which means that photon energy is greater than the ionization potential 
due to a large density of free electrons and valence electrons in metals and semiconductors. 
For ablation of metals, firstly, free electron-induced impact ionization due to absorption of 
the laser energy results in a geometric increase in the free electron density, this is the Joule 
heating (inverse Bremsstrahlung) process, and then the absorbed laser energy is deposited 
into the thermal energy of electrons. Subsequently electron-ion energy transfer occurs after 
the laser pulse is over, eventually forming vapor and plasma phases followed by rapid 
expansion. The ablation process can be considered as a direct solid-vapor or solid-plasma 
transition without the presence of the liquid phase [19]. For the covalently bonded 
semiconductors with small bandgaps such as Si, GaAs and InSb, the interaction mechanism 
is both thermal and non-thermal melting processes originating from a destabilization of the 
lattice in the presence of the very dense electron-hole (e-h) plasma [20]. A number of studies 
by time-resolved pump-probe interferometry and time of flight mass spectroscopy have been 
performed to clarify this laser-matter interaction process. A set of two-temperature models 
for titanium, gold and silicon were developed to deal with the absorption of the laser energy, 
specific heats of electrons and ions of materials, thermal conduction, and electron-ion energy 
coupling [21-23]. 
For transparent dielectric materials, ultrashort pulse-induced optical breakdown 
occurs by the nonlinear absorption or multiphoton absorption of the optical energy and 
ablation takes place after optical breakdown by the absorption of a plasma with "a critical 
density" at the surface [17]. The multiphoton absorption is a simultaneous absorption of m 
photons in the laser pulse such as mhv > Ui, where hv is the energy of the photon, and Ui is 
ionization potential or bandgap. Only at very high laser field strength or in the case of 
ultrashort-pulse laser-matter interaction, multiphoton ionization process becomes significant 
and the bound electrons of the transparent material can be directly ionized (from its bound 
energy level or valence band to the free energy level or conduction band). This multiphoton 
ionization process leads avalanche ionization during which the free-electron density grows 
exponentially and further leads to the optical breakdown of transparent material and ablation 
occurs. For long pulses, it is also an avalanche ionization process but launched by impact 
ionization due to collision between free electron and bound electron. These free electrons 
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from metallic impurities, thermal or linear optical ionization of shallow energy levels of 
inclusions, as seed electrons for avalanche ionization, tend to fluctuate in volume. Hence, the 
breakdown threshold shows large statistical fluctuation. In addition, for long pulsewidth, the 
breakdown threshold changes as the square root of pulsewidth. In contrast to long 
pulsewidth, multiphoton ionization can directly provide high density seed electrons without 
large statistical fluctuation. Thus, the breakdown threshold becomes more deterministic. And 
the pulsewidth square root scaling law becomes invalid and the breakdown threshold remains 
constant. Once the plasma critical density for absorption of laser wavelength is reached, the 
material ablation begins by transferring of electron energy into lattice but this is a 
vaporization-dominated process due to short time of laser-matter interaction for ultrashort 
pulses. 
Advantages of femtosecond laser micromachining 
The mechanisms of ultrashort-pulse laser ablation of materials are drastically 
different from those of long-pulsed laser ablation. Ultrashort laser pulses have much higher 
laser intensity and precise laser-induced breakdown threshold. The ablation of materials with 
ultrashort pulses reduces heat-affected zone owing to limited thermal diffusion. These 
preferable characteristics offer ultrashort lasers as a competitive alternative to other cw or 
long-pulse lasers (Nd:YAG, Excimer, Diode pumped solid state lasers) for the laser-based 
micromachining industry. 
Precision machining of fine features 
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Figure 2.3. The intensity profile of the laser focus spot can be controlled so that only a 
small portion near the center is above the breakdown threshold. Using this geometry, 
sub-focus-spot-size breakdown spots can be obtained [24]. 
Precision of laser machining is usually determined by the smallest dif&action-limited 
focus spot (given as the 1/e^ intensity diameter of the laser focus spot) which is proportional 
to the laser wavelength. Ultrashort pulse lasers mostly operate in the near-IR wavelength in 
the 0.75-1-nm range and produce a spot size much larger than one by excimer laser in UV or 
DUV wavelength range. However, ultrashort lasers may provide an alternative to long-pulse 
(nanoseconds) excimer lasers for some precision micromachining applications. The reason is 
that the ablated spot size is no longer limited to laser focus spot size given by wavelength but 
controlled in such a way that only a small portion of the focused laser spot is above the 
ablation threshold due to precisely determined breakdown threshold [24]. Researchers 
(Pronko et al) at the University of Michigan (Ann Arbor, MI) have demonstrated that 0.3-p.m 
holes (that is, ten times smaller than the laser spot size of 3-|im diameter) can be drilled in 
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silver films by working in a pulse width regime (200 fs) dominated by ablative removal and 
by taking advantage of the sharp fluence threshold for material removal [25]. 
Minimal thermal and mechanical damage 
Machining with ultrashort laser pulses produce small heat-affected zone. Material 
goes directly into the vapor phase instead of melt phase because extremely short pulse 
duration does not allow propagation of heat into the surrounding material. Ultrashort light 
Figure 2.4. Holes drilled through a 100 mm steel foil with a pulse width of (a) 3J ns 
(b) 200 fs (Source: Applied Surface Science 109-110 (1997) 15-19) 
pulse creates a solid plasma (a mixture of loosely bound ions and electrons on the surface). 
The plasma plume leaves the surface very rapidly - taking energy with it and consequently 
leaving very little energy behind to create a heat-affected zone. In addition, such adverse 
effects as the thermal stress fractures can be minimized due to the lack of heat conduction 
into the surrounding material. 
W (b) 
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Machining nearly all kinds of materials 
Long pulse laser machining is essentially a single photon process, a linear process 
which depends upon the wavelength of light being well-matched to where the material 
absorbs. For ultrashort pulse machining, wavelength-dependent linear absorption is relatively 
marginal because a "multiphoton" or "nonlinear" process due to high laser field strength 
enables the laser-matter interaction to occur [26]. With this process, very hard and high 
melting temperature metals like Molybdenum, Rhenium, high band-gap dielectrics such as 
diamond, transparent and organic materials, and biodegradable materials can be machined. 
The other materials machined by ultrashort pulses include semiconductors, ceramics, and 
polymers [26-28]. Virtually, any dielectric, metal, and mechanically hard material can be 
machined by the same laser beam. 
High accuracy and repeatability 
Ultrashort pulse machining can achieve high accuracy because not only this process 
generates minimal heat diffusion but also the pulse does not interact at all with the plume of 
vaporized material, which would distort and bend the incoming beam and produce a rough-
edged cut. Based on a "multiphoton process", ultrashort laser machining has a deterministic 
threshold so that "shot-after-shot repeatability" can be obtained [26]. 
High efficiency 
Generally, for most materials, using pulsewidths shorter than 10 ps, process 
efficiency typically increases as the pulsewidth gets shorter. For equivalent pulse energy, the 
peak intensity for femtosecond pulses is more than 10* higher than that for the nanosecond 
pulses, thanks to ultrashort pulsewidth, which produces a more efficient ablation process. 
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Also, energy loss into the bulk material is minimized, which means that the efficiency of the 
process is improved and the ablation energy threshold is reduced by up to two orders of 
magnitude depending on the material. Laser Zentrum (Hannover, Germany) has 
demonstrated that, for steel, the critical pulsewidth above which efficiency falls off is about 1 
ps [29]. 
Friendly environment 
Femtosecond pulsed laser in the visible and near infrared wavelength provides a 
competitive alternative to excimer lasers for some applications in that it does not need to 
handle the corrosive gases and ultraviolet radiation damage of optics like excimer lasers, 
though excimer lasers can achieve very fine features through their short ultraviolet 
wavelength and photochemical interactions [24]. 
Applications of femtosecond laser micromachining 
The advantages of femtosecond laser-material interaction leads to precise machining 
of almost any material from steel to tooth enamel to very soft materials like heart issue. The 
capabilities of micromachining a wide range of materials, for example, metal, glass, 
diamond, fluoropolymers, PMMA, silica, optical materials, masks, ceramics, biodegradable 
polymers and even explosives, undoubtedly show that femtosecond laser micromachining is 
an attractive option for numerous applications, including microelectronics and semiconductor 
industry, biomedicine, telecommunications and photonics, automotive and others [28]. Some 
emerging industrial applications include: 
Biomedical applications 
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Researchers at Laser Zentrum Hannover (LZH) e.V.(Germany) set a good example of 
medical devices structured by femtosecond laser, cardiovascular medical implant (so called 
stent). The coronary stents are precisely slotted tubes 1-2 mm in diameter which are inserted 
into the vessel in order to stop the collapse or closure of arteries and ensure sufficient blood 
Figure 2.5. Medical implants (stents) made of tantalum by femtosecond laser. Stents are 
used in cardiovascular surgery. (Source: Laser Zentrum Hannover) 
flow. Currently, stents are made of stainless steel mostly machined by nanosecond YAG 
lasers and post-machining is necessary to remove burr and deposited material. Femtosecond-
pulse laser-machined stents are no longer limited to stainless steels but extended to a 
multitude of materials from the metallic to the organic, especially biodegradable polymers 
which can save surgical procedures for removing the stents after a certain time. And 
minimally invasive and damage-free stents may be obtained just one step without 
electropolish. Titanium-, tantalum-, biologic resorbable poly-(L-Lactide)-made stents were 
successfully machined by LZH/Cortronik [18,30]. 
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Bright prospects of femtosecond laser micromachining in medicine are also 
encouraged by some far-reaching scientific experiments such as hole drilling on tooth [31] 
and pig myocardium, small hole drilling through the heart muscle (myocardium) into the 
inner chambers termed transmyocardial revascularization for relief from anginal pain [32], 
spinal and ophthalmic surgery, for example, glaucoma treatment, cataract removal [33,34]. 
For instance, researchers at Lawrence Livermore National Laboratory (LLNL; Livermore, 
CA) have produced a clean hole with no thermal damage on tooth by ultrashort pulse 
ablation, in contrast to a random-shaped hole with collateral damage with long pulse 
ablation. It goes without saying that ultrashort-pulse short energy deposition time and the 
high efficiency of the ablation process abate collateral mechanical and thermal damage to 
minimum, even for hard tissue (tooth) easily subject to shear and compressive stresses, which 
cause fractures and fissures when using conventional long pulse lasers. 
Photonics. Micro-optics and Optical communication 
Quartz is particularly challenging to micromachine using long pulse lasers. When ultrashort 
pulses are used to machine dielectrics including transparent materials such as quartz, precise 
and reproducible ablation take places with the exact ablation threshold because of 
multiphoton ionization process during laser-matter interaction. Consequently, ultrashort 
lasers expand its micromachining field to optoelectronics, micro-optics, and fiber technology. 
The fundamental ideas for these applications are ascribed to near infrared (IR) 
photosensitivity of glasses for local refractive-index change with high-intensity femtosecond 
pulses irradiation, absence of linear absorption for 3-dimensional processing inside bulk 
materials, and multiphoton ionization process for high quality of processing with low internal 
scattering losses due to the deterministic threshold [35]. And this technology allows for the 
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fabrication of optical waveguides (the change in the index of refraction when irradiated at an 
energy fluence below a certain threshold) and micrograting (ablation process at an energy 
ftuence above a certain threshold) on not only glasses but non-glass materials such as 
polymer [36]. Direct-write 2-D or 3-D optical waveguides exhibit good stability at room 
temperature and offer promise for realizing compact, all-solid-state lasers and amplifiers. 
Taking advantage of ultrashort pulses traits of near-perfect temporal coherency and the 
deterministic multiphoton nature of the interaction, Kawamura and Zhai ef o/ reported a two-
beam holographic method to encode surface relief gratings, multi-layer micrograting and 
multi-dimensional nanostructures either on or beneath surface of materials [37-42]. Bragg 





Figure 2.6. (a) Photoinduced holographic gratings in bulk polymer by femtosecond 
laser [41]. (b) Femtosecond laser photopolymerized bull sculpture by two-photon 
absorption (TPA) [51]. 
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diffractive optics commonly applied to wavelength division multiplexity (WDM) 
communications. Kawamura gf a/ also reported the formation of periodic nanostructures in 
crossed holographic gratings encoded on the surface of a silica glass by double-exposure 
techniques [43]. These periodic structures are arrays of holes with diameters of 20-300 nm, 
rectangular islands with a dimension of -600x600 nm or periodic grooves with the smallest 
width of -15 nm, which are well suited for emerging applications such as photonic crystals 
and quantum line or dot arrays. Intense femtosecond pulses have also potential capability for 
the application of optical storage devices because laser-induced structural modifications can 
be confined to submicron size regions smaller than the focused spot. Sun ef a/ demonstrated 
three-dimensional photonic crystal structures fabricated by near-IR femtosecond laser pulses 
with two-photon-absorption photopolymerization of resin [44]. 
Microelectronics 
As the semiconductor industry drives toward even smaller feature sizes, undoubtedly, 
femtosecond laser-based technique finds itself right niche in microelectronics due to its 
unprecedented capability for precision micromachining. Its applications include precision via 
microdrilling and electrical paths microcutting of submicron features in microchips, repairing 
lithographic masks by combining scanning near-field optical microscopy with femtosecond 
laser pulses [45], laser etching of integrated circuits (isolating features on integrated circuits) 
and fa J&w repair of optoelectronic devices, which is laser surgery on light-emitting diodes to 
eliminate the effect of defects [46]. 
Automotive 
Femtosecond laser application in the automotive industry is mainly microdrilling of 
high-aspect-ratio, high quality micro-holes for fuel injector nozzles 
Others 
Microfluidic systems offer potential for performing many types of biological assays, 
such as nucleic-acid separation, enzymes essays, immunoassays, and drug-screening. 
Femtosecond laser micromachining is also useful for creation of high-quality fluidic 
microchannels or customization of microfluidic devices [35]. But photo- and soft 
lithography, a major fabrication technique, is limited to two-dimensional channel structures 
and to feature size of about 10 pm or larger. The advantages of femtosecond micromachining 
lie in fabricating not only microchannels itself but also complex assembling microfluidic 
system by integrating the detection system with the analytical section on a single glass 
substrate. The advantage is to avoid the complexity and fluid loss associated with multichip 
designs by placing all the key components on a single chip and flexibly modifying the 
prefabricated microfluidic devices by adding an integrated microcapillary to a microfluidic 
device. Such machining technology will play an important commercial role in the 
manufacture of microfluidic systems 
More specific and valuable scientific and commercial applications of femtosecond 
laser pulses are being explored, identified and utilized. Researchers at LLNL demonstrated 
the feasible processing of energetic materials with ultrashort pulses, which are highly 
sensitive to shock or thermal stress and possibly cause unintentional initiation. For example, 
there is a dramatic improvement in cutting PETN explosives with 150-6 compared with 500-
ps pulses [47]. Mazur ef a A at Harvard university created arrays of sharp conical spikes by 
repeatedly irradiating silicon surfaces with femtosescond laser pulses in SFg and Clz. More 
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recently they reported that silicon surfaces microstructured in the presence of SF& with high-
intensity femtosecond laser pulses have near-unity absorption from the near-ultraviolet (250 
nm) to the near-infrared (2.5 pm) [48,49]. This finding makes microstructured silicon 
applicable for near-infrared photodetectors for wavelengths longer than 1.1 |im used for both 
telecommunications and scientific instrumentation, however, silicon itself is not used to 
absorb or detect light at wavelengths longer than 1.1 |nn. One challenge of ultrashort laser 
micromachining is to surmount the diffraction limit of the optical system dependent on the 
radiation wavelength and capable of fabricating two- and three-dimensional sub-micron or 
nanostructures. One approach is to choose the peak laser fluence slightly above the threshold 
value by taking advantage of the deterministic ablation threshold so that the material is only 
modified by the central part of the beam with sub-wavelength size [24]. Another approach is 
to use femtosecond pulses in junction with a scanning near-field optical microscope 
(SNOM). For example, nanomachining line structures, complex grid patterns, and curved 
contours with -10 nm spatial resolution on thin gold films was demonstrated by coupling 
800-nm femtosecond laser radiation with an AFM silicon tip operated in the contact mode 
[50]. Another breakthrough of femtosecond laser-based nanofabrication technology was 
reported on sub-difGaction-limit (SDL) micro/nanofabrication via two-photon-absorption 
(TPA) photopolymerization. Using this technique, a lateral spatial resolution down to 120 nm 
by aid of high numerical-aperture optics was obtained. Various 3D microstrucures (a 
revolvable micro-gearwheel, a micro-chain, and a micro-bull) were fabricated. TPA is 
promising for low-cost nanostructure fabrication for applications in optics, medicine, and 
biology [51]. 
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FEMTOSECOND LASER MICRO/NANOFABR1CATÏON OF 3C-SIC THIN FILMS 
ON SI SUBSTRATES 
This study was proposed to develop a femtosecond laser-aided micromachining 
method for MEMS devices fabrication. At present, the primary technologies used for MEMS 
devices are the microelectronic fabrication techniques and their spin-offs which are generally 
limited to produce microstructures in chemically inert wide band-gap semiconductor 
materials and in a wide range of metallic and plastic materials. A case is SiC devices where 
the chemical inertness and high hardness of SiC hamper developments of SiC-based MEMS 
devices, realizing that such devices have potential for widespread applications under harsh 
environments. Femtosecond laser micromachining would be an ideal candidate to overcome 
the limitations associated with conventional MEMS fabrication methods. It can create three-
dimensional patterns with assorted geometries in one-step (direct- write in contrast to 
unidirectional extensions of two-dimensional patterns with conventional lithographic 
techniques). 
The dynamics of ultrashort laser-matter interaction has been studied by experimental 
and theoretical methods for various materials categorized into metals, semiconductors, and 
dielectrics. The accumulation of these valuable results clearly presents that femtosecond laser 
pulses are preferred to longer pulses in micromachining. However, in regards to the detailed 
dynamics of femtoseond laser ablation, the type of material raises many issues, which to 
some degree restricts the progress in femtosecond micromachining. Hence, it is important to 
have a thorough understanding of laser-matter interaction of SiC for fulfilling our goal of 
fabricating high-quality SiC-based MEMS structures. SiC is a semiconductor material with a 
wider band-gap than those commonly used Si, GaAs, InP and InSb. Its physical mechanism 
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is difïerent from both narrower-than-it band-gap semiconductors and much wider-than-it 
band-gap insulators. However, they indeed share some common characteristics with SiC 
which facilitated an improved understanding of SiC ablation mechanism. 
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CHAPTER 3. HIGH-ENERY FEMTOSECOND PULSED LASER 
MICROMACHINING OF SILICON CARBIDE COATED SILICON IN SELF-
FOCUSED AIR MEDIUM 
A paper published in the Journa/ q/"layer (2002) 
Yuanyuan Dong and Pal Molian 
ABSTRACT 
The ultra-short pulsed laser ablation of silicon wafers deposited with 1pm thin film of 
SiC was performed in air medium using a 1-mJ, 120-fs, 800-nm Ti:Sapphire laser, the 
objective being to determine the self-focusing capability of air to produce nanostructures. 
The effects of pulse energy, the number of pulses, pulse repetition rate and x-y translation 
speed on the size, shape and thermal damage of holes and grooves were evaluated. In 
addition, a 200-ns pulsed, 1064-nm Nd:YAG laser was used to process grooves and the 
results were compared against those processed by the femtosecond pulses. Results show that 
holes as small as 1 ^m were produced with femtosecond pulses using the self-action property 
of air. Despite the capability of air medium to produce tiny holes of few |im diameters, the 
shape of the hole is highly asymmetrical due to the beam proSle distortion. The critical laser 
power for nonlinear effects of air to become effective was calculated as 40 MW. However, 
both the beneficial and deleterious effects of air were not found when the peak power of laser 
beam was under 2 GW. A comparison of femtosecond pulsed laser ablation with nanosecond 
pulsed laser ablation demonstrated the advantages of small size, minimal thermal damage 
and cleanliness for ultra-short pulses. 
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INTRODUCTION 
Ultra-short pulsed (USP) lasers such as Ti:Sapphire offer extremely high intensity 
(up to 10^ W/cm^, the equivalent of focusing the power of all sunlight falling on earth to a 
spot of 0.1 mm) for efficient materials processing. USP lasers are preferred over long-pulsed 
lasers for minimal thermal damage, small feature size, controlled removal of material, and 
processing materials that are otherwise difRcult-to-ablate [1]. Rapid deposition of laser 
energy, multiphoton absorption, absence of interaction of the beam with plasma during the 
pulse, and lack of time for transfer of energy from electrons to lattices are responsible for 
reduced liquid-phase formation, collateral thermal damage, ablation threshold, and improved 
precision compared to the long-pulsed lasers. In micromachining with USP lasers, the area of 
material removed can be made smaller than the laser spot itself by restricting the ablation 
threshold to be only at the center of the spot. Studies on femtosecond pulsed laser 
micromachining performed on various materials such as Si, InP, fused silica, Al, Pyrex, a-
SiOz, and TiN [2-10] have validated these conclusions. However, one problem that confronts 
USP laser micromachining is the air medium through which the beam propagates. When the 
high intensity, ultra-short pulsed beam travels through air, there is a change in the refractive 
index caused by the nonlinear "Kerr" effects [11]. Consequently, several physical 
phenomena such as self-focusing, self-phase modulation, beam filamentation, ionization, and 
optical breakdown occur leading to beam distortion and poor beam quality, that in turn affect 
the feature profile and repeatability. It is generally recommended to use a vacuum 
environment for beam propagation to prevent such effects. However, vacuum processing is 
tedious and time-consuming with a concomitant loss in productivity, which is significant in 
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the industrial environment. An alternative to the vacuum uses the diffractive optical elements 
[12] and helium as the beam delivery medium [13]. 
Beam 
nanometer feature 
Intensity Profile Sample 
i> I Spot Size 
Lens Threshold 
Figure 3.1. Traditional technique for producing sub-micron structures 
In this work, the adverse effects of air medium on the micromachining of SiC coated 
Si are investigated as well as intended to generate possibly nanostructures by the self-action 
ability of air. The current practice to obtain sub-micron/nanoscale feature is to achieve a 
small spot by controlling the intensity profile ofUSP lasers in such a way that only a fraction 
of the spot size is above threshold energy fluence (Figure 1). In this way, researchers have 
demonstrated that the machined feature size can be smaller than the spot size. For example, a 
60-fs laser with a 5-^m focused spot could produce an 800-nm hole in SiO% [9]. Similarly, 
300-nm diameter holes were drilled in silver films using a 200-fs laser focused to a spot size 
of 3-|im [4]. Another example is the creation of 500-nm diameter holes in copper and silicon 
using a 500-fs laser [10]. The chief limitation of this technique is very low material removal 
rates due to low energy availability. Therefore, if nanostructures by femtosecond laser pulses 
in self-focused air medium become possible, not only ablation rate for micromachining will 
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be greatly increased, but also low energy, a harsh condition for producing nanostructures by 
femtosecond laser pulses, won't be necessary. 
Micromachining with femtosecond laser pulses is of growing interest for the 
fabrication of semiconductor and MEMS devices. Laser micromachining challenges 
traditional and mature chemistry fabrication techniques from the perspectives of high 
flexibility and high repeatability of patterning to high ablation efficiency and high resolution 
[2-4]. Silicon (Si) is a technologically important material for semiconductor and 
microelectromechanical systems (MEMS) applications. Silicon carbide (SiC), an emerging 
semiconductor material, outperforms Si for high frequency, high-power, high-temperature 
and high-radiation microelectronic devices because SiC has a wider bandgap, higher 
breakdown Held, higher thermal conductivity and higher saturation velocity than Si. In 
addition, SiC has a higher Young's modulus and mechanical hardness, which when 
combined with its electrical properties, makes SiC an attractive alternative to Si for MEMS 
devices, such as pressure sensors and accelerometers to be used in harsh temperature, wear, 
chemical, and radiation environments [14]. However, both bulk and surface micromachining 
of SiC structures were severely hampered by the chemical inertness of the material. While 
many researchers have investigated USP laser ablation of Si, no work is reported on the same 
for SiC thin films deposited on silicon. SiC has an absorption coefficient of 63cm"' at 532 nm 
[15], about 16 times smaller than Si (1000 cm-1 at 800-nm) [16] and make the laser beam 
difficult to ablate. However, the USP laser by virtue of its high-intensity is capable of 
correcting this deficiency through multiphoton absorption. In addition, it can be an excellent 
alternative to reactive ion etching (RIE) which suffers from low etch rate, dimensional 
control, and poor selectivity in micromachining SiC. In this paper, the results of a study using 
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a 120-fs pulsed Ti:Sapphire laser for micromachining Si substrate/3C-SiC thin film are 
presented. 
SELF FOCUSING OF AIR MEDIUM 
The self-focusing of laser beams in nonlinear media such as air was introduced by 
Chiao et al., in U.S. [17] and by Talanov in Russia [18] and continued by other researchers 
[19-29] with a large body of theoretical and experimental work using a variety of lasers such 
as Ruby, Q-switched Nd: YAG, mode-locked Nd: Glass, and Ti:Sapphire. When an intense 
laser beam propagates through a nonlinear medium whose refractive index increases with 
Held intensity, it creates its own optical waveguide and transmits without dif&action 
spreading. The refractive index of the nonlinear medium (n) is the sum of the linear refractive 
index of the medium (no) and the refractive index change (8n) which the laser field induces: 
n = n* + 8n = % + n? I (3-1) 
where n% is the nonlinear refractive index and I is the intensity of the laser beam. Since the 
laser beam has an inherently non-uniform intensity distribution, the intensity-dependent 
index of refraction (6n) causes different parts of the beam to propagate with different phase 
velocities. A lens effect is thus produced whereby the rays move toward the region of higher 
intensity, reducing the spot size. Thus, self-focusing is an inductive lens effect and is 
attributed to the clustering of molecules, anisotropy, electron distortion, orientation of 
asymmetric molecules in the presence of strong optical fields, and size of molecules. 
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Self-focusing of the laser beam is responsible for the formation of filaments which 
eventually destroy the beam through scattering and absorption. The transverse spatial 
inhomogenities caused by a variety of factors such as optical surfaces and edges of apertures 
grow exponentially with laser power and generate filaments [26]. These filaments can be 
further divided into hyperfine filaments before the beam is completely destroyed [26]. 
However, the filament formation can be tailored to produce nanostructures, an objective of 
this work. 
The extent of nonlinear effects of self-focusing and/or Glamentation is characterized 
by the B-integral, defined by [30]: 
a = (3-2) 
where " 1 " is the distance of the focal point from the beam entry point of the lens and "z" is 
the position of beam along the beam path. The critical value for B that causes nonlinear 
effects is reported to be greater than 3-5 [30]. This value is easily exceeded for the USP laser 
beam in air with typical laser parameters. For example, consider the laser and process 
parameters used in this work: L = 57 mm (thickness of lens = 7 mm, distance between lens 
and focal point = 50 mm), E = 0.9 mJ, t =120 fs. Under these conditions and taking % as 12 
x 10"'* cm^/W [31] and for a Gaussian beam, lo = 2P/%Wo\ I(z) = 2P/n[w(z)]^, w(z)= w„ [1 + 
( Xz/nw,/)^]^, B = 27.8 (see the Appendix for calculations). This value is much higher than 
the value of 8.3 reported by Momma et al. [12], but it might be due to the fact that Momma et 
al. used a smaller value (3 x 10"'* cmVW) for n%. In any event, the large value of B suggests 
the high probability for nonlinear effects to occur. 
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The critical or threshold power required for self-focusing a laser beam in a nonlinear 
medium is given by [26]: 
Pc = EoDo C A?/4% n2 (3-3) 
where E<, = vacuum permittivity, 8.85 (10 ^) Farad/meter or ampere.sec/volt.meter, n@ = 
linear refractive index, C = velocity of light (3 x 10* meter/sec), X = wavelength of light (800 
nm), and nz = nonlinear refractive index, meterYVolf. 
For air medium using a 1064-nm light, the nonlinear refractive index is 4.56 (10"^) 
mVv^ [26]. An interpolation of this data for 800-nm gives rise to an approximate value of 3.5 
(10"*) m^/V^ for nz- The critical power for self-focusing of 800-nm light by air is calculated 
as 40 MW. The ultra-short pulsed beam used in this work has a rated peak power of about 8 
GW (1-mJ, 120-fs) and is more than adequate for self-focusing the 800-nm beam in air. 
The self-focusing length Zf is given by: 
Zf=ZR/(P/Pc-l)^ (3-4) 
where Za is the Rayleigh range given by: 
Z% = ^ W(f /X (3-5) 
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where w„ is the beam waist radius. 
For the laser parameters of 1 mJ pulse energy, 120 fs pulse width, 800 nm 
wavelength, 40 pm spot size used in this work, Z& and Zf are 1.6 mm and 0.1mm 
respectively. 
In an ideal case, a self-focusing beam will continue to focus until its radius reaches 
zero at the self-focus point. However, in a real medium, such as air, self-focusing continues 
until the medium breaks down thus creating a plasma and stopping the beam [26]. In 
addition, attenuation phenomenon limits the self-focusing range and keeps the beam intensity 
below the breakdown threshold. Furthermore, scattering and turbulence reduce the self-
fbcusing distance. 
The nonlinear self-focusing effects induced by the air can break the beam into intense 
filaments of light, only a few microns in diameter especially at increased intensity. The 
dimension of the filaments is given by [26]: 
af=(ao/2)(noP,/P)'" (3-6) 
where a« is given by w„ / V2 . For the parameters used in this work, the filament diameter 
calculated using equation (3-6) is 0.5 ^un. The duration of filaments is shown to be about few 
nanoseconds [22]. Therefore, the filaments are capable of machining the material. Multiple 
holes can also be generated with a single beam especially at higher intensities because of the 
small-scale focusing [29] that breaks the beam into numerous filaments and due to the 
presence of group velocity dispersion in the medium [28,32] that splits the original pulse. 
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EXPERIMENTAL DETAILS 
One nm thick 3C-SiC films were beteroepitaxially grown on 0.54-mm thick Si (100) 
wafer in an atmospheric pressure chemical vapor deposition (APCVD) reactor using a two-
step growth process described in detail elsewhere [33]. An 800-nm wavelength, 1-mJ 
Ti:Sapphire oscillator-amplifier system (Spectra-Physics, Model Hurricane X) based on a 
chirped-pulse-amplification (CPA) technique was used to ablate the wafer under atmospheric 
pressure. Details of the CPA technique may be found elsewhere [2]. The laser emitted 120-fs 
pulses of linearly polarized light with near Gaussian beam (M^=1.5) at a central wavelength 
of 800-nm (photon energy = 1.55 eV). The beam diameter was 6 mm. The laser was operated 
in single-shot mode, as well as in continuous-shot mode at pulse frequencies of 100 Hz to 1 
kHz. The prepulse contrast ratio was 1000. The beam, steered through a 45° reflecting mirror 
and focused using a 50-mm focal length fused silica lens, was incident perpendicular to the 
sample surface. A circular spot was formed, the size of which was calculated as 40 pm based 
on the experimental data described in the next section. A 2Ox refractive objective lens was 
also used in few experiments. For comparison purposes, a Q-Switched Nd:YAG laser 
micromachining system (Florod, Model MEL-40 ) with a wavelength of 1.06 |im and a pulse 
width of 200 nanoseconds was used to process grooves. The MEL-40 laser micromachining 
system includes Labview™ and robotic work handlers, which are controlled by a personal 
computer and built-in CCTV. The repetition rate and energy of the Nd:YAG laser used were 
1 kHz and 0.8 mJ respectively. 
Prior to laser processing, each sample was cleaned with methanol and mounted on a 
motorized x-y stage (Coherent LabMotion Series) which has a repeatability of 1 pm and a 
resolution of 1 pm. Two sets of experiments were conducted in air ambient. First, a series of 
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boles was drilled by varying the number of pulses and pulse repetition rates. Second, a set of 
grooves was ablated by varying the pulse energy and x-y translation speed. The number of 
laser pulses was controlled by an electronic shutter (UNIBLITZ VMM-T1) which 
incorporates two precise timers to control shutter exposure and delay intervals. 
A number of analytical instruments were used to measure and characterize the kerf^ 
hole size, hole taper, aspect ratio, recast layer, crack formation, surface roughness, and 
chemical contamination. An optical microscope (500x) was used to measure the dimensions 
of holes and grooves as well as examine surface damage. A surface profilometer (Veeco 
Instruments Inc. Solan technology Division, Dektak HA, vertical resolution: 0.5 nm) served 
to measure the depths of holes and grooves. A scanning electron microscope (SEM) (JEOL 
JSM 840, 10 kV accelerating voltage) operated with secondary electrons and the associated 
energy dispersive X-ray spectrometer was used to examine the laser machined features and 
analyze the composition of debris and recast layer. 
RESULTS AND DISCUSSION 
Calculation of Spot Size and Ablation Threshold 
The spot size of the beam at the focal region was calculated from the measurements 
of the dimensions of laser-irradiated regions and using the spatial fluence profile of a 
Gaussian beam given by: 
F(r) = F„exp(-2i2/w,/) (3-7) 
where r = distance from the beam center, w„= 1/e^ radius and 
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Fo=maximum fluence = 2 E/n w,,^ (3-8) 
where E = pulse energy. 
The diameter D of an ablated region can be directly related to the maximum fluence as [34]: 
D^=2wo^ln(Fo/F*) (3-9) 
where F& = material-dependent threshold fluence. 
A plot of the square of damage diameter, D^, against the logarithm of energy fluence 
was made to obtain both the spot size (slope of line) and ablation threshold (the extrapolation 




NLnter of laser pUses M 
Figure 3.2. Ablation threshold versus the number of laser pukes for SiC film on Si 
Sub-micron structures are usually obtained at the laser fluence just above the damage 
threshold of ablation and, hence, it is important to estimate this data. Figure 3.2 shows the 
effect of the number of pulses on the damage threshold calculated from the experimental 
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data. The damage threshold dramatically drops after the first laser pulse and reaches 
saturation after 100 laser pulses. Similar behavior was observed in other materials such as 
metals, ceramics, and polymers [7,34]. The reduction in damage threshold results from the 
laser-induced defect sites that accumulate during the first few laser shots and the incubation 
effects after very high number of laser shots [35]. 
Ablation threshold can also be obtained from the fundamental physics equation. 
Evaporation occurs when [3]: 
QT; = pOT (3-10) 
where Q = volumetric specific heat of lattice (J/m^K), T; = lattice temperature due to laser 
heating (K), p is the density (kg m"^), Q is the specific heat of evaporation (J/kg K) and T is 
evaporation temperature (K). F* is then given by: 
F± = pOT/a (3-11) 
where a is the absorption coefficient (cm"'). Table 1 shows the thermal properties of Si and 
SiC from which F* can be obtained. There is a good agreement on ablation threshold for a 
single pulse between theoretically calculated value of SiC and experimentally calculated data 
shown in Figure 2. 
Ablation threshold for multiple pulses, Fth(N,%), can be related to the single-pulse threshold 
by a power law equation [7]: 
49 
Fm(N,-[) = F*(l,T).N^ (3-12) 
S characterizes the degree of incubation causing the surface fatigue. Experimental data were 
used to fit equation (12) to obtain the value of S as 0.72. Bonse et al. [36] obtained an S 
value of 0.78 for InP in air using a 130-fs, 800-nm Ti:Sapphire laser. 
Table 3.1. Ablation threshold, F&, from thermal and optical properties. 
Property Si 3C SiC 
Density, kg/m^ 2320 3,210 
Specific heat, J/kg K 710 72 
Evaporation Temperature, K 3540 2073 
Absorption coefficient, cm"' 1000 [16] 63 [15] 
Ablation threshold, J/cm^ 5.17 6.55 
Laser Processing of Holes 
Figures 3.3a and 3.3b are the scanning electron micrographs showing the effect of the 
number of pulses (N) on the size of hole and damage morphology using a constant pulse 
energy of 1 mJ in azng/g-jAof mWe. The formation of 1-pm diameter holes is attributed to the 
effect of self-focusing characteristic of air. There is evidence of thermal damage in the form 
of cracking, melting and solidification around the holes. Columnar cell structures and 
periodic ripples at the periphery of the melted layer were observed. The periodicity of ripples 
was the same as the wavelength of light. There was significant collateral thermal damage 
surrounding the hole when the number of pulses was increased from 20 and 50. This is 
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somewhat expected since it has been shown that brittle materials undergo fracturing and 
cracking at high-energy fluence [6]. 
Figure 3.3. SEM images of laser microdrilled silicon at 1 mJ in air in single-shot mode 
(a) N=20 (b) N=50 (N= the number of pulses) 
Figure 3.4 shows the damage morphology of the sample surface obtained when the 
laser beam was impinged on the surface at 1 mJ for 50 pulses in comf/nwowj-sAof mode at 
1kHz. The laser power was about 200 times higher than the critical power for self-focusing. 
The presence of several tiny holes with diameters less than few pim is believed to be a result 
of uncontrolled, self-focusing filamentation phenomenon. The irregular shape of the damage 
is again due to the air medium creating the spatial inhomogenities in the energy distribution 
of the Gaussian beam profile through ionization and attenuation. 
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Figure 3.4. SEM image of laser irradiated surface at ImJ, 1 kHz, N=50 in continuous-
shot mode. Note the presence of several tiny holes. 
Figure 3.5. SEM images of laser microdrilled holes at 0.6 mJ in continuous-shot mode 
(a) N=600, (b) N=1000, (c) N=3000 
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Figure 3.5 continued 
Figures 3.5a to 3.5c show the holes drilled as a function of number of pulses at a 
reduced energy of 0.6 mJ (continuous-shot mode) but still the laser power is 125 times that of 
the critical power for self-focusing. These holes are irregular in shape, and the left sides are 
much closer to being circular than the right sides. Some tiny holes can be seen on the right 
side. Such effects are induced by the air medium by distorting the beam profile and 
producing filaments. These effects, however, are reduced with increasing N, as seen in 
Figure 3.5. 
Figure 3 .6 shows the holes drilled using a low pulse energy of 0.25 mJ (peak power 2 
GW) and a 20x refractive objective lens instead of conventional fused silica lens. The 
application of the objective lens can further reduce the spot size on the sample surface. The 
holes were smaller and uniform than the holes shown in Figure 3.5, suggesting that the air 
medium did not have a deleterious effect on the beam profile. The absence of tiny holes also 
reflects that self-focusing did not become effective for laser power 50 times more than the 
critical power for self-focusing. There is a significant amount of residue surrounding the hole 
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possibly due to the material condensation and "extrusion" mechanism of material removal. 
The chemical composition of the debris was identified as silicon oxide. 
w* " ^ v ** 
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Figure 3.6. SEM images of holes at 0.25 m J using a 20x objective lens in continuous-
shot mode (a) N=1000 (b) N=2000 (c) N=5000 
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Figure 3.7. Profllometer traces of holes. Laser parameters: 1 kHz and 0.9 mJ. 
(a) N= 500 (b) N=1000 
Figures 3.7a and 3.7b are the profilometer traces of holes exposed to 500 laser pulses 
and 1000 laser pulses respectively (1 kHz, 0.9 mJ). There is a large taper with a material 
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removal rate of about 0.8-p.m per pulse. It is also seen that an increase in number of pulses 
had a greater effect on the diameter than on the depth. Figure 3.8 shows plots of hole depth, 
diameter, and damage size against the number of pulses. The ablation depth increases with 
increasing number of pulses, as expected. However, there is a slight decrease in ablation 
depth when pulse numbers exceeded 1000. This is mostly due to a combination of several 
effects such as evaporated species falling back into the hole, energy loss through the walls of 
the hole by reflection and material re-deposition. It may be seen in Figure 3.8a that the 
removal of the 1-pm 3C-SiC layer was achieved in 2 laser shots at the pulse energy of 0.9-mJ 
and 10 laser shots at the pulse energy of 0.6 mJ. The number of pulses had a marginal effect 
on the diameter of the hole and the associated thermal damage zone surrounding the hole 
implying that ultra-short pulsed laser ablation is a unidirectional process. 
60 -, 
-4— pulse energy = 0.9 mJ 
pulse energy = 0.6 mJ 
number of laser pulses [N| 
(a) 
Figure 3.8. (a) Hole depth versus the number of pulses as a function of pulse energy at 
1 kHz (b) Diameters of holes and thermal damages for various pulses at a constant 
pulse energy of 0.9 mJ and 1 kHz (c) A schematic diagram showing the definitions of 
hole and damage regions. Here "a" and "(b-a)" are defined as diameters of holes and 
damages, respectively. 
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Figure 3.8 continued 
Laser Processing of Grooves 
The relative motion between the focused laser beam and the sample generates 
grooves. Figures 3.9a and 3.9b show the effect of increasing translation speed for the pulse 
energy of 0.8 mJ (single scan) on cutting depth and width. It is seen that the cutting depth 
decreases more drastically than cutting width. Similar effects were observed when the pulse 
energy was increased. Figures 3.10a and 3.10b show the details of grooves as a function of 
the type of laser used. Femtosecond-pulsed laser produced well-defined cuts with narrow 
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width and little recast layer and less thermal damage compared to nanosecond-pulsed laser. 
There is sufficient evidence in literature [1,3,4,12,37] that the nanosecond-pulsed laser 
produces grooves with a high degree of damage at the edges than the femtosecond-pulsed 
laser. In USP lasers, the laser energy deposition into electrons occurs in less time than the 
pulse energy = 0.8 mJ 
10 50 100 200 400 800 1000 
translation speed [ um/s ] 
[ a ]  
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Figure 3.9. The effect of translation speed on (a) cutting width (b) cutting depth at a 
pulse energy of 0.8 mJ. 
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transfer time to lattice, and the heat diffusion involves much larger volume than the focus 
volume. The shorter pulse duration (than electron-phonon coupling time) of the USP lasers 
limits the heat conduction and results in a greater degree of precision, especially for metals 
and semiconductors because there is a large density of free electrons and valence electrons 
with an ionization potential less than the photon energy. When the absorption depth is 
smaller than the diffusion length (-/Ôr where D is the thermal diffusivity and % is the pulse 
width) - generally valid for long pulses - the melt expulsion and associated fluid flow 
accompany the material removal, resulting in low precision. When the pulse length is 
reduced to ultra-short pulse range, the absorption depth becomes greater than the diffusion 
length leading to the localization of energy within the depth and, consequently, causing direct 
vaporization resulting in high precision. 
Figure 3.10. SEM images of laser-cut grooves at 0.8 m J using (a) Femtosecond laser 
120fs, IKHz (b) Nanosecond laser 200ns, IKHz. 
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CONCLUSIONS 
In this work, we have demonstrated the nonlinear effects of air medium in ultra-short 
pulsed ablation for producing small features (beneficial effect) and uncontrollable geometry 
of ablated regions (deleterious effect) in micromachining. It is further shown that the effects 
of self-focusing were not effective until the peak power of the beam exceeded 50 times that 
of the critical power for self-focusing. The damage threshold of SiC was in good agreement 
with theoretical prediction. It is concluded that the femtosecond laser has potential as a 
micromachining tool for producing Si/SiC devices. 
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CHAPTER 4. FEMTOSECOND PULSED LASER ABLATION 
OF 3C SiC THIN FILM ON SILICON 
A paper published in the MaferWj Sc;eMce (6 Proce&ymg (2003) 
Yuanyuan Dong and Pal Molian 
ABSTRACT 
A femtosecond pulsed Ti:sapphire laser (pulse width = 120 fs, wavelength = 800 nm, 
repetition rate = 1 kHz) was employed to perform laser ablation of 1-pm-thick silicon carbide 
(3C-SiC) films grown on silicon substrates. The threshold fluence and ablation rate, useful 
for the micromachining of the 3C-SiC films, were experimentally determined. The material 
removal mechanisms vary depending on the applied energy fluence. At high laser fluence, a 
thermally dominated process such as melting, boiling and vaporizing of single-crystal SiC 
occurs. At low laser fluence, the ablation is a defect-induced Coulomb explosion process via 
photo absorption of defects, excitation of electrons, formation of repulsive electrostatic field, 
and ejection of ions and neutral particles. The defect-activation process reduces the ablation 
threshold fluence and enhances lateral and vertical precision as compared to the thermally 
dominated mechanism. Helium, as an assistant gas, plays a major role in improving the 




Silicon carbide is an outstanding semiconductor material for high-frequency, high-
power, high-temperature and high-radiation microelectronic devices because it has a wider 
band-gap, higher breakdown field, higher thermal conductivity and higher saturation velocity 
than Si. In addition, SiC has a higher Young's modulus and mechanical hardness, which 
when combined with its electrical properties, makes SiC an attractive alternative to Si for 
microelectromechanical systems (MEMS) device structures, such as pressure sensors and 
accelerometers to be used in harsh temperature, wear, chemical, and radiation environments 
[1]. Until recently, fabrication of micromachined SiC structures was severely hampered by 
the chemical inertness of the material. Unlike for Si, there are no known wet etchants that 
could be used to bulk micromachine device structures from SiC substrates. In fact, SiC is so 
resistant to wet chemical etching that many in the field refer to SiC as nature's best etch-stop 
material. Alternative methods to wet chemical bulk micromachining are being developed that 
include deep reactive ion etching (DRIE) and micromolding [2]. Presently, DRIE of SiC 
lacks the dimensional control and etch rates, and micromolding associated with Si DRIE 
requires several additional processing steps to create and eventually dissolve the Si molds, 
although it is successful in creating structures with complex 3D topographies. 
Like SiC bulk micromachining, SiC surface micromachining is also a very difficult 
task. The most direct means to pattern SiC structural layers is reactive ion etching (RIE). 
RIE-based surface micromachining processes have been successfully used to fabricate single-
structural-layer devices such as cantilever beams and lateral resonant structures; however, 
issues related to the micromasking of the etch field, low etch rates and poor selectivity to 
silicon and silicon dioxide sacrificial layers currently restrict the use of RIE in SiC surface 
64 
micromachining. Micromolding techniques have been developed to pattern SiC surface-
micromachined structural layers [2], but as in the case of bulk micromachining, the use of 
micromolds increases the processing steps. 
Micromachining with femtosecond laser pulses is of growing interest for the 
fabrication of semiconductor devices [3, 5, 6, 15]. Laser micromachining challenges 
traditional and mature chemistry fabrication techniques from the perspectives of high 
flexibility and high repeatability of patterning to high ablation efficiency and high resolution 
[3-5]. In micromachining with ultrafast laser pulses, the area machined can be made much 
smaller than the laser spot itself by restricting the light intensity threshold to be only at the 
center of the spot. Additionally, the multi-photon excitation of femtosecond laser pulses 
dramatically reduces heat conduction and thermal damage to the surrounding material [6, 7]. 
Studies on femtosecond laser micromachining performed on various materials such as Si, 
GaN, IpP, TiN, fused silica, Pyrex, d-Si02, YLF and AI [3-6, 8-11] have validated these 
conclusions. In this paper, the results of a study using a 120-fs pulsed Ti:sapphire laser for 
the micromachining of 3C-SiC films are presented. The threshold fluence, ablation rate and 
mechanism of ablation were investigated. We will show that high-quality laser-surface 
processing can be best obtained at low fluence (defect-activated regime) irradiation for high 
laser shots. 
EXPERIMENTAL DETAILS 
About 1-^m-thick 3C-SiC films were heteroepitaxially grown on 0.54-mm-thick 
Si(100) in an atmospheric pressure chemical vapor deposition (APCVD) reactor using a two-
step growth process described in detail elsewhere [12]. A Ti:sapphire oscillator-amplifier 
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system (Spectra-Physics, Model Hurricane X), based on a chirped-pulse-amplification (CPA) 
technique was used to micromachine the 3C-SiCfilms. Details of the CPA technique may be 
found elsewhere [7]. The 120-fs laser was operated at a wavelength of 800 nm and a 
repetition rate of 1 kHz with a maximum single-pulse energy of 0.9mJ. The linearly 
polarized light had a near-Gaussian beam quality with a pre-pulse contrast ratio of 1000. A 
set of neutral density (ND) filters was utilized to attenuate the beam intensity. The 
experimental set-up is shown in Fig. 4.1. Prior to laser processing, each sample was rinsed 
and cleaned in acetone and methanol and mounted on a motorized stage (Coherent 
LabMotion Series), which had a repeatability of 1 |im and a resolution of 1 pm. Two sets of 
experiments were conducted in ambient air and helium. The first was a series of holes drilled 
by varying pulse energy using single pulses. The second was a series of holes ablated by 
varying the number of laser pulses at a given pulse energy. The number of laser pulses was 
controlled by an electronic shutter (UNIBLITZ VMM-T1), which incorporated two precise 
timers to control shutter exposure and delay intervals. A scanning electron microscope 
(SEM) (JEOL JSM 840, 10-kV accelerating voltage) in the secondary-electron mode was 
used to examine the laser-machined features and measure the depth of holes by a method of 
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Figure 4.1. A schematic representation of a laser micromachining set-up 
EXPERIMENTAL RESULTS AND DISCUSSION 
The SiC film on Si was exposed to single laser pulse at a series of pulse energy levels 
(7 pJ, 10 pJ, 13 nJ, 20 pJ, 27 pJ and 33 pJ) in the ambient air. One laser shot was used to 
avoid processing the Si substrate. Figure 4.2 shows SEM images for these laser-induced 
surface morphological features with different pulse energies. The permanent damage is 
visible on the surface of SiC films. The elliptically damaged regions are sub-divided into 
three different zones that arise from the spatial distribution of Gaussian beam intensity: 
modification (the border of the spot), oriented ripples [13,14] and ablation, corresponding to 
the peak intensity of the Gaussian laser beam. With increasing pulse energy, a crater is 
gradually formed and becomes larger at the center of the spot. Furthermore, the re-deposition 
of the materia] is also seen around the crater (Fig. 4.2c and d). In addition, the three zones are 
enlarged and the ripples are enhanced with an increase of pulse energy. The three-zone 
surface morphology is typical and is commonly observed in the laser-induced surfaces of 
such materials as InP and Si [15, 16]. 
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(C) (d) 
Figure 4.2. SEM images of laser-induced 3C/SÎC surface morphology for a single pulse 
in air: a 7 pj; b 13 pJ; c 20 pJ; and d 27 pj 
The SiC film on Si was exposed to multiple pulses at a constant pulse energy of 7 pJ 
in the ambient air and helium. Figure 4.3 shows that the laser irradiation has penetrated into 
the Si substrate beginning at the center of the spot, based on the fact that a depth of 4 pm was 
obtained at the center of the crater with only five laser pulses (Fig. 4.3a). This depth is four-
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(c) (d) 
Figure 4.3. SEM images of laser-induced 3C/SiC surface morphology at 7 pJ in air: a 5 
pulses; b 10 puises; and c 100 pulses, and in helium: d 5 puises 
times greater than the thickness of SiC film. Si substrate is not a laser etch stop for SiC film 
because Si has a higher absorption coefficient and a lower threshold fluence than SiC at 800 
nm, 120-fs laser irradiation [16-18]. Apparently, compared with the processing of a single 
pulse, the damaged areas also increase with increasing number of pulses, but not as 
dramatically as with the increase of pulse energy. The depth of the crater at the center of the 
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spot becomes deeper with increasing number of pulses. The ripple pattern has disappeared 
with the increase of the cavity. At the top surface of the holes, outwardly extruded material is 
observed (Fig. 4.3b and c). For identical laser parameters, compared with the processing (Fig. 
4.3a) in air, laser processing in helium (Fig. 4.3d) reduces the amount of thermal damage and 
decreases the modified area. Clearly, the processing quality is improved in the helium 
environment. Besides, depth measurement for the cavity at the center of the spot shows that 
the cavity is made deeper by using helium as an assistant gas than by using air. The chief 
reasons for the less modified area and the higher ablation rates in helium at the high fluence 
regime are attributed to helium's low nonlinear refractive index and high first ionization 
potential [19]. Its low non-linear refractive index reduces non-linear beam distortion and then 
decreases the processed feature size [19]. Its high first ionization potential decreases and/br 
suppresses the formation of plasma that otherwise damages the surface of materials and 
makes the laser beam interact mainly with the materials and not with the gas environment. 
It is evident that thermal transport dominates the processing of SiC films in this high-
energy regime because the ablation region is surrounded by significant thermal damage, 
termed a heat-affected zone (HAZ). Increase of the HAZ, phase change and re-deposition 
were all observed with increasing pulse energy and number of pulses. 
In order to shrink the size of the laser-induced features in the SiC films and improve 
the processing quality, a lower pulse energy of 0.2 pJ was employed. Theoretically, feature 
size less than the spot size could be obtained by applying the pulse energy slightly above 
threshold value. 
Figure 4.4 illustrates laser-induced features exposed to multiple pulses at 0.2 pJ in 
ambient air and helium. It is worth noticing that at such a low pulse energy there is no 
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indication of typical thermal damage, like cracking, ripples, columns and recast, frequently 
observed at high pulse energy. The most interesting feature is the development of 
nanoparticles with a size of 100-200 nm in the irradiated areas. The SEM image of the 
fracture section of the virgin SiC film, shown in Fig. 4.5, demonstrates that the SiC film is 
not comprised of such structures. Based on their arrangements in the cavity, the nanoparticles 
are a result of exposure to the laser. For the first few pulses, SEM did not detect any damaged 
zone in the SiC films. A nearly round and shallow crater with diameter much less than the 
spot size of the Gaussian beam (a 1/b^-beam radius of 4.98 pm is calculated in Sect. 3.3) was 
produced at 50 pulses (Fig. 4.4a). With increasing number of pulses, the depths of the 
cavities increased, and the shapes shifted to ellipses with an increasing ratio of long axis to 
short axis, which is a direct consequence of the linear polarization of the beam. After 200 
laser pulses, the edges of the cavities became not well-defined (Fig. 4.4d). These results 
suggest that at the low laser fluence the SiC film was processed via laser-induced defect 
formation and accumulation, formation of nanoparticles and final ablation on the irradiated 
surface [9]. Thé formation of nanoparticles in the helium environment (Fig. 4e and f) implies 
that oxidation mechanism does not contribute to the growth of the nanoparticles. The 
morphological features are quite different from the three damaged zones, characteristic of 
thermally dominated processing at high pulse energy. The clean ablation of SiC film without 
any re-deposition of material and evident thermal damage in the surrounding area suggests a 
non-thermal mechanism effect governing the processing of SiC films in the low-energy 
regime. When the pulse energy was increased above 0.2 pJ, SiC films were penetrated 





Figure 4.4. SEM images of laser-induced 3C SiC surface morphology at 0.2 pJ in air: a 




Figure 4.5. SEM image of the fracture section of the single-crystalline SiC Him 
/46/afwm rafe of SiC /f/m of /ow /o^gryZwe/zce 
A high ablation rate is an attractive figure of merit for femtosecond laser etching 
compared with chemical etching. Because laser processing at low energy limits the ablation 
depth within the SiC films, a pulse energy of 0.2 pJ was appropriate to study the relationship 
between ablation depth and the number of pulses. Figure 4.6 shows a linear relationship 
between depth and the number of pulses after #=50 and less than 500 pulses. Beyond 500 
pulses, ablation depth in air reached saturation, which obviously resulted from the fixed focal 
distance from the focus point to the sample. Approximately, an ablation rate of 100 nm/^ulse 
before reaching to saturation was determined from the slope of the linear function. Because 
of this relationship, the etch depth can be controlled by the number of the pulses. Moreover, 
the saturation of processing depth can be avoided by appropriate adjustment of the focal 
distance. This etching technique is useful in the fabrication of electronic devices with thin 
multilayers, as well as MEMS devices. The etch rate for photoelectrochemical etching (PEC) 
of SiC is around 1 |im/min [18]. Clearly, laser etching of SiC has a faster rate than PEC 
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etching, even at such a low energy. Furthermore, Fig. 4.6 shows that a higher ablation rate is 
achieved in helium than in ambient air. A similar result is also observed at high fluence, as 
shown in Fig. 4.3. It is possibly because helium has very high first ionization potential, which 
suppresses the plasma formation and makes the laser beam interact solely with materials and 
not with the environment gas. Thus, ablation depth in helium is increased. Helium also has a 
low non-linear refractive index which refrains self-focusing action [19]. However, if at a 
certain low fluence, which is below the ambient gas ionization threshold and cannot trigger 
other non-linear phenomena, another explanation could be that helium cannot be easier 
absorbed onto the surface than oxygen in air during processing because of its inertness. 
Absorbed oxygen has no effect on forming nanoparticles rather than reducing the ablation 
rate. Existence of absorbed oxygen in the irradiated area of SiC processed in air can be 
detected from the result of Auger Emission Spectroscopy. 
Figure 4.6. Depth of the laser-generated cavities versus the number of laser pulses jV 
applied to 3C SiC in air (r = 120 fs, A = 800 nm, = 0.52 J/km^) 
1.0 
E 0.8 
Number of Puke* N 
It is of fundamental interest to determine the threshold fluence under ultrafast laser 
irradiation for a wide band-gap material like SiC because the choice of the operating laser 
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fluence relative to the threshold fluence has a significant influence on the size, shape and 
quality of the laser-induced features. What is more significant is that the threshold fluence 
plays a key role in affecting the ablation mechanism of SiC films. 
In accordance with Si morphological features generated by 100-fs laser irradiation 
[16], the laser-induced SiC films at single laser pulse and 7 pJ consist of three distinct 
regions (Fig.4.2): modification zone, ripple zone and ablation zone, each of which 
corresponds to their own threshold fluence. In order to identify these threshold fluences, the 
diameter D of the modification zones and ripple zones was measured using SEM images and 
software (Quartz PCI, version 4.0). The pulse energies used for calculation were 7 pJ, 10 pJ, 
13 pJ, 20 pJ, 27 pJ and 33 pJ. From the equations [10, 20] 
fL, = & = (4-1) 
D:=2a/ In A) (4-2) 
& 
a Gaussian 1^-beam radius of = 4.98 pm was obtained as the slope of linearly fitting the 
square of the diameter of the measured area versus the pulse energy. Two threshold fluences, 
4»th (1) = 0.97 J/cm^ for the modification zone and ^ (1) = 3.29 J/cnf for the ripple zone 
were obtained by linearly fitting the square of the diameter of the modified area versus the 
logarithm of the pulse fluence and extrapolating it to zero (D is equal to zero), as shown in 
Fig. 4.7. Because the minimal laser fluence used in the experiment of Fig. 4.2 reached 17.11 
J/cm\ much higher than the above threshold fluences, it is no surprise that the three 
morphological zones occurred and that the center of the spot underwent thermal processes 
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Figure 4.7. Squared diameters, 2)^, of the modification and the ripple areas as a function 
of the applied laser fluences for single-pulse processing (r = 120 fs, A = 800 nm) of 3C-
SiC in air, respectively 
For the experiments in Fig. 4.4, the diameter of the modified area for each hole at 
different number of pulses was measured and the laser fluence ijio was calculated as 0.52 
J/km^ from (4-1). Thereby, the damage threshold fluences at different number of pulses were 
obtained using (4-2): <(i* (50) = 0.489 J/cm\ ^ (100) = 0.458 J/cm\ ^ (200)= 0.434 J/cm\ 
i)»th (500)= 0.419 J/cm^ and ^ (1000) = 0.415 J/cm^. It is noted that the damage threshold 
fluences decrease with increasing laser shots until reaching saturation after 500 laser shots. 
Considering the presence of the incubation effects which take place within the first few 
pulses, the laser shot number dependency of the damage threshold ^th(N) should satisfy the 
following model [9]: 
<k(N) = M*) + M>th(l) - W°°)]Gxp[-k(N-l)] (4-3) 
where t is an empirical parameter indicating the strength of the defect accumulation and the 
increase in photon absorption. Although a more accurate estimate of the first threshold $th (1) 
cannot be obtained because of the lack of <|»th (N) before AT = 50, the single-pulse threshold ^ 
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(1) of 0.519 J/cm^ for defect-activated surface damage is smaller than the modification 
threshold fluence of 0.97 J/cm^ we have obtained in Fig. 4.7. As can be seen from Fig. 4.8, 
an apparent process of defect accumulation exists during ablation at low fluence. After defect 
accumulation, the surface damage threshold is rapidly reduced and reaches a constant level of 
At a fluence below ^(w) = 0.415 J/tm^, the irradiation would require an infinite 
number of pulses to initiate defect accumulation and then activate ablation. This result is 
consistent with the fact that no damage was detected by SEM in the SiC films processed 
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Figure 4.8. The surface-damage threshold as a function of the number of laser pulses JV 
at low processing fluence for the ablation (r = 120 fs, ^  = 800 nm) of 3C SiC in air. The 
Wwf represents the result from the fit following model (4-3): here, (1) = 0.519 
J/cm\ C») = 0.415 J/cm2 and k = 0.00755 
According to our experimental results, two kinds of laser-induced surface 
morphology occur, depending on the laser fluence. One is a classical heating, melting, 
boiling and vaporization or phase explosion process that occurs at high fluence (Fig. 4.2) and 
is characterized by three surface damage zones, indicative of slight modification, ripple and 
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ablation. The second is a non-thermally-dominated process at low fluence (Fig. 4.4), 
characterized by a very clean processing profile and nanoparticles in the SiC films. 
A thermal transport model for femtosecond laser processing of semiconductors [16, 
21, 22] was utilized to explain the features of the SiC films in Fig. 4.2. For a beam with 
Gaussian energy distribution coupling with the SiC, the temperatures developed will vary 
along the spot. The slightly modified zone at the periphery of the exposed spot is in an 
amorphous state because here the low temperature of the molten material leads to the rapid 
solidification of material. The ripple zone of the exposed area exhibiting nanoparticles with 
size of about 100 nm is represented in Fig. 4.9. At the center of the spot with the largest 
amount of energy deposition, the superheated top layer transforms into gas bubbles 
composed either of single atoms or of several molecular species and is removed from the SiC 
film. Consequently, a crater is left on the surface. 
Figure 4.9. SEM image of the ripple zone: an amorphous phase and nanoparticles with 
a size of about 100 nm, resulting from re-crystallization 
Pulsed laser ablation is a well-known technique for the preparation of nanoparticles 
through condensation and/br decomposition of vapors in inert gases [23, 24]. The 
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nanoparticles begin to grow above the ablation spots, slightly apart from the targets, based on 
the condensation and/br decomposition of vapors [25, 26]. However, we present that at low 
laser fluence the formation of laser-induced nanostructures does not result from condensation 
and/br decomposition but from defect-activation, which prevents the thermal processing 
described in the conventional micromachining model (in Fig. 4.4). Firstly, at low laser 
fluence, nanoparticles are not observed on silicon around but in the crater. Secondly, the 
incubation effects take place at low processing fluence. The mechanism of defect activation 
is also observed in ion-induced nanostructure formation, driven by defect generation [27]. 
Strictly speaking, 3C-SiC film is not an ideal crystal without any lattice defects above 
absolute zero temperature. The pre-existing defects facilitate local absorption of laser [16], 
especially for SiC, which has a quite low absorption coefficient at a wavelength of 800 nm. 
Crystalline SiC can be driven to further lattice disorder by electronic excitation resulting 
from the absorption of laser energy after the onset of laser irradiation because the electronic 
excitation might weaken the inter-atomic bonding and thus lower the vibrational energy 
required to produce disorder [28, 29]. With increasing laser-induced lattice defects, the photo 
absorption is enhanced and electrons are intensely excited from valence band to conduction 
band and electron-hole plasma is formed. However, due to lagging recombination, a 
repulsive electrostatic field is built up and ultimately starts on the qection of ions and neutral 
particles. As a result, nanocraters are formed all over the SiC film surface and a nanoparticle-
like surface is observed. This ablation mechanism starts from a defect-activation process and 
needs a much lower laser fluence than that involving intense phase transformation mostly 
induced by multiphoton absorption. The lower threshold fluence thus allows the processing 
79 
of smaller and cleaner features for the application of device micromachining. A more 
detailed study of the laser-induced formation of nanoparticles is underway. 
CONCLUSION 
Femtosecond laser-induced surface morphology and ablation of 3C-SiC films were 
investigated for different laser parameters. The differences in the morphology of the damage 
surfaces were used to explain different laser ablation mechanisms for the processing of SiC 
thin films. Four threshold fluences were observed for such phenomena as slight modification, 
ripple, crater and defect-activated ablation. At high laser fluence, SiC film was ablated 
through melting, boiling and vaporizing from the single crystal. At low laser fluence, 
however, the ablation mechanism of SiC film was a defect-activation process including 
defect accumulation, photo absorption of defects, excitation of electrons, formation of 
repulsive electrostatic field, and ejection of ions and neutral particles, and formation of 
nanoparticles with a size of 100-200 nm. Therefore, high-quality processing of SiC films 
with well-defined edges can be obtained based on the defect-activated mechanism. Helium, 
as an assistant gas, can improve the processing quality and the ablation rate of SiC thin films 
because of the ability of helium to prevent self-focusing, its high first ionization potential and 
inertness. We believe that defect-activation is not only a practical technique that can 
micromachine SiC-based MEMS with well-defined edges but also a promising means to 
pattern confined nanostructures, expanding the range of possible applications. 
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CHAPTER 5. FEMTOSECOND PULSED LASER MICROMACHINING 
OF SINGLE CRYSTALLINE 3C-SIC AND SI STRUCTURES 
A portion of this chapter is excerpted from the paper published in the Jbwma/ of 
MzcromecAamcs and JWzcroeMginegrzMg (2003) 
Yuanyuan Dong, Christian Zorman, and Pal Molian 
ABSTRACT 
A femtosecond pulsed Ti:Sapphire laser with a pulse width of 120 A, a wavelength of 
800 nm, and a repetition rate of 1 kHz was employed for direct write patterning of single 
crystalline 3C-SÎC thin films deposited on Si substrates and bulk 6H-SiC. For surface 
micromachining of 3C-SiC thin Elms on Si substrate, low pulse energies were preferred to 
ensure well-defined and debris-free patterns in 3C-S1C thin Sims based on the defect-
activation ablation mechanism. Micromechanical structures such as micromotor, gas turbine 
rotor and lateral resonators were patterned into 3C-SiC films. For bulk micromachining of 
6H-SiC, the request for low pulse energy was not as exacting as one for 3C-SiC thin films 
processing. It demonstrates that femtosecond laser direct-writing is a promising technology 
to produce high-quality diaphragms of 6H-SiC pressure sensor with controllable diameter 
and thickness. 
INTRODUCTION 
SiC has recently attracted significant interest in the field of micro-electro-mechanical 
systems (MEMS) due to its exceptional physical properties, such as high stiffness, 
mechanical strength, extreme chemical inertness and wide band gap. Various SiC-based 
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MEMS devices such as tempeiature sensors, gas sensors, pressure sensors, micromotors, and 
resonators have been fabricated for use in harsh temperature, erosion, corrosion, shock and 
vibration environments [1-5]. Reliable patterning processes are critical for the successful 
fabrication of SiC-based MEMS devices. SiC is a difficult material to etch using 
conventional techniques due to its high hardness and chemical inertness. Nevertheless, 
reactive ion etching (RIE) and photo-electro-chemical (PEC) etching have been developed 
for SiC surface and bulk micromachining [6,7]. Of the two, RIE is more commonly used, 
however, it tends to suffer from such issues as low etch rate, poor selectivity to polysilicon 
and silicon dioxide sacrificial layers, and micromasking of the etch field [7]. Although a 
micromolding technique has been developed as an alternative to RIE for SiC surface 
micromachining [7], the added processing steps involved makes micromolding more 
complicated than direct patterning processes. 
Laser direct writing is a novel patterning method with potential in SiC 
micromachining. Compared to other patterning technologies, laser micromachining has the 
advantages of fast removal rates, being independent of etch masks (direct writing), and an 
insensitivity to crystallographic orientation. Moreover, laser direct writing can be used to 
fabricate three-dimensional micromechanical devices since samples can be mounted onto a 
programmable positioning stage. In contrast, conventional lithographic techniques can only 
be used to fabricate unidirectional extensions of two-dimensional patterns. Laser direct 
writing enables control over the dimensions of curved features, thus allowing for the 
generation of complex mechanical microstructures. Ultrafast laser micromachining produces 
better resolution and cleaner features than conventional laser micromachining due to the 
reduction in heat dissipation and recast layers [8,9]. Because the ultrafast laser pulses remove 
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material by driving nonlinear multiphoton absorption with high peak fluences, strong 
absorption at the workpiece is not critical. Therefore, ultrafast lasers can also be used to 
process a wide range of materials and are particularly well suited for chemically inert 
materials like SiC. 
SURFACE MICROMACHINING OF 3C-SIC THIN FILMS 
In this work, an ultrafast Ti:Sapphire oscillator-amplifier system (Spectra-Physics, 
Inc., Model Hurricane X), based on a chirped-pulse-amplification (CPA) technique [9] was 
used to pattern single crystalline 3C-SÎC thin films deposited on Si substrates. The nominally 
1-pm thick single crystalline 3C-SiC Sims were heteroepitaxially grown on Si (100) in an 
atmospheric pressure chemical vapor deposition (APCVD) reactor using a two-step growth 
process detailed elsewhere [10]. A set of neutral density (ND) filters was utilized to obtain 
lower pulse energies. The patterning of SiC films into various component structures such as 
micromotors, gas turbine rotors and lateral resonators was performed in the low pulse energy 
regime to demonstrate the potential for this type of processing technique. 
It is clear from the previous research resutls that laser micromachining using low 
pulse energies enables the patterning of cleaner and smaller 3C-SÎC features than patterning 
using high pulse energies. This is, in large measure, due to the absence of a heat-affected 
zone (HAZ) recast and debris surrounding the patterned features. To explore the utility of 
this technique in device fabrication processes, various patterns were laser micromachined 
into 1 pm thick, 3C-SiC samples. Prior to patterning, the 3C-SÎC samples were sequentially 
rinsed in acetone and methanol and then mounted on a motorized x-y stage (Coherent 
LabMotion Series). This stage has a repeatability of 1 pm and a resolution of 1 pm. The 
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stage was programmed to move the substrate in a manner that produced the desired shapes. A 
quarter wave plate was used to change linearly polarized light into circularly polarized light. 
High pressure helium was used to eject vaporized material, to produce clean cuts and to 
protect the lens. Both high and low pulse energies were used for a comparison. 
Figure 5.1 shows SEM images of SiC micromotor rotors processed at three pulse 
energies. At a pulse energy of 20 pJ, a complete rotor with well-defined features (Fig. 5.1a) 
could not be processed. Significant heat conduction and thermal damage due to high pulse 
energy deteriorated the SiC thin film. Additionally, the Si field areas exhibited a rough 
surface morphology, characterized by jagged protrusions resulting from debris and recast. At 
a moderate pulse energy (2 pJ), much of the SiC rotor exhibited a reasonably well-defined 
profile (Fig. 5.1b). However, a portion of the SiC structural layer was completely ablated. 
The laser-exposed Si substrate contained micron-sized surface features and tiny holes when 
repeatedly irradiated with laser pulses. Similar laser-induced surface features on Si have been 
reported elsewhere [11, 12]. At a low pulse energy (0.5 pJ), an intact and well-defined SiC 
rotor was patterned (Fig. 5.1c). It should be noted that the size of the rotor in Fig. 5.1c is only 
one-half of those patterned at higher energies, inferring that low-energy processing 
significantly reduces contamination and debris that adversely affect resolution. Figure 5.Id is 
an enlarged view of the sidewall of the rotor showing the presence of nano-particles on the 
surface. This phenomenon is consistent with the laser-induced polycrystallization of SiC 
described in chapter 4. 
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Figure 5.1. SEM Images of rotors of micromotors processed at different energies in 
helium: a. at 20 pJ; b. at 2 pJ; c. at 0.5 pJ; d. close-up view of the machined sidewall; e. 
micromotor at 0.5 pJ. 
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Figure 5.1 continued 
Figure 5.le shows an SEM image of a micromotor consisting of stator and rotor. In 
order to fabricate a rotary micromotor, a KOH etch was used to suspend the rotor part. 
However, the central shaft of micromotor must be prevented from etching away while the 
rotor was suspended, which is more likely to happen because the area of shaft is much 
smaller than each arm of the rotor. Therefore, a bearing should be created by local deposition 
of about 1-pm thick SiC thin film [13]. Consequently, the KOH etch for Si substrate needs 
two steps. The first etch must be carefully controlled so as not to etch through the whole 
shaft, which should strongly anchor to the Si substrate at the center during the time of 
etching. After the first etch, SiC bearing will be deposited in about 7-pm wide gap between 
and on the top of the shaft and rotor. The second etch will fully release the rotor but not the 
shaft and the stator by reasonably controlling the etch time. Because the deposition of 
bearing is a quite complex process, the fabrication of a rotary micromotor is a long way from 
reaching the maturity. 
(a) (b) 
Figure 5.2. SEM images of microturbine rotors processed at 0.5 pJ: a. before etch; b. 
after-KOH etch. 
Figure 5.2 shows the SEM image of a 100-pm wide micro-turbine rotor with a gas 
channel, fabricated at 0.5pJ pulse energy through the defect activation ablation mechanism. 
The processing of the whole feature needed just one step in laser micromachining. The 
channel is intended to direct the gas flow through the turbine and minimize it around the 
turbine. The SiC rotor meets the requirement of material hardness for prolonging its lifespan. 
A flow senor can be made if this rotor is integrated with an optical fiber for many 
applications. High aspect ratio is another requirement for micro-turbine rotor to enhance the 
sensitivity of flow sensor. Usually X-ray lithography and LIGA (galvanofbrmung) 
technologies are used to make this device with high accuracy and high aspect ratio. The 
turbine rotor, shown in Figure 5.2a, did not have the high aspect ratio because SiC thin film 
on Si is only about 1 pm. However, high aspect ratios can be achievable in laser 
micromachining, either by adjusting down the laser focal point or employing the 
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programmable movement of z-direction of the stage. Figure 5.2b is the SEM image of after-
etch turbine rotor. It is noted that Si in the area exposed to laser irradiation has almost been 
etched through and the smooth bottom of Si substrate is revealed. But Si under SiC rotor was 
left unetched due to lack of time. 
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Figure 5.3. SEM images of lateral resonator processed at 1 pJ: a. before etch; b. close-
up view of the sidewall of one side of right shuttle; c. plan view of after-KOH etch; d. 
tilt view of after-KOH etch. 
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Figure 5.3 shows an one-step laser micromachined lateral resonant structure 
patterned using a pulse energy of 1 |iJ before and after sacrificial undercutting of the SiC 
structures in KOH. The SEM image prior to release (Fig. 5.3a) shows a distinct contrast 
between the unirradiated SiC regions and the laser-machined field areas. Figure 5.3b shows 
the magnified view of the sidewall of the resonator. Nano-particles exist on all edges exposed 
to the laser beam. This indicates that the defect-activation ablation mechanism described 
previously occurs when exposed to the tail of Gaussian beam with a lower pulse energy. A 
plan view image of the resonator after KOH etching (Fig. 5.3c) shows that the laser-damaged 
regions of Si in the field areas are easily removed and the Si surface is remarkably smoother 
than before etching. In the tilt view (Fig. 5.3d), stiction - the sticking of structures to the 
substrate after releasing - is observed, and the shuttle part is suspended after etching. Stiction 
is a very common problem in MEMS fabrication, which can be solved by supercritical drying 
[13]. 
BULK MICROMACHIMNG OF 6H-SIC DIAPHRAGM 
SiC-based MEMS pressure sensors are suitable to withstand harsh environments, for 
example, being able to operate stably at 500°C or above. A 6H-SiC-based pressure sensor 
developed by Kulite Semiconductor Products, Leonia, NJ uses n-type 6H-SÎC piezoresistors 
on a p-type 6H-SiC diaphragm. The diaphragm is fabricated using a photoelectrochemical 
(PEC) etching process. The attractiveness of an "all-SiC" high-temperature pressure sensor is 
affected by poor PEC etching directionality, making lateral dimensional control (e.g., 
diaphragm size) difficult. And small wafer sizes and complex fabrication processes are 
limiting factors. As an alternative, 3C-SiC-based pressure sensors developed by Case 
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Western Reserve University utilize 3C-SiC films grown on silicon substrates and Si bulk 
micromachining to produce 3C-SiC diaphragm and use NiCr thin films or p-type polysilicon 
for the piezoresistive sensing elements. This kind of hybrid pressure sensor NiCr/3C-SiC or 
poly-Si/3C-SiC underwent material thermal mismatch effects, which may degrade long-term 
device performance and lifetime in the presence of thermal cycling. In addition, currently 
used Si wet etching restricts Si (100) substrates to be square or rectangular membranes 
(diaphragms). To the point of view of design, it is theoretically proven that circular 
membranes show more favorable in stress and deflection than rectangular and square 
membranes. Hence, laser micromachining is a flexible and feasible technique to circumvent 
the above unfavorable issues. Femtosecond laser micromachining technique is quite 
attractive not only to produce an "all-SiC" pressure sensor by bulk micromachining of SiC 
but also to process circular SiC membranes due to its insensitivity to crystallographic 
orientation. Preliminary experimental results demonstrate the feasibility of forming SiC 
diaphragms with controlled diameter and thickness and location. 
of ZMapAregm* formate* 
A test sample consisting of a 35mm, 6H-SiC n-type wafer (D0177-05, Sterling) was 
cleaved in half and used for an initial set of laser trepanning experiments. The test piece was 
placed on a programmable X-Y stage, which was programmed to move the sample under the 
laser beam in a series of concentric circles. The number of concentric circles and each 
incremental radius determine the diameter of test diaphragm (also called hole diameter). The 
results of the stylus proGlometer scans for the holes that did not go all the way through the 
wafer show that a). Control of diaphragm diameter is excellent, b). The etch rate changes 
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follow the expected trends (higher confined energy density results in higher etch rates). 
Clearly, laser power density is more important than scan rate. c). This process is an excellent 
candidate for forming pressure sensor diaphragms for technology demonstration work. 
Excellent process parameters (pulse energy: 0.15 mJ; scan rate: 500 |im/s; laps: 2) for 
diaphragm formation were represented in test site 12 as shown in Figure 5.4. 
Manufacturability would require precise alignment and demonstrated depth control, as well 
as some additional processing to reduce final surface roughness. 
i-TTTT? rrw/riLt. raucyss 
LEVEL1 No 
* R CUR: 100.00pm 
Md M CUR: 400.00pm 
D RANGE: Aula 
• PLOT: Raw 
gfgÉi FILTER: No 
Figure 5.4. The stylus profilometer scans for the holes that did not go all the way 
through the wafer. 
CONCLUSION 
Femtosecond pulsed laser ablation for the purposes of patterning single crystalline 
3C-SiC films on Si substrates and bulk 6H-SiC was investigated. Energies in the range of 0.5 
fiJ to 1 |iJ were found to be the most suitable for the patterning of SiC thin 61ms. In this 
regime, a defect-activation process resulting in the formation of a polycrystalline region and 
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ultimately ablation results in debris-free patterning without thermal damage to the Elms. 
This process was used to pattern SiC Sims into the shapes of some commonly recognized 
MEMS structures. This study shows that femtosecond pulsed laser ablation has potential for 
SiC micromachining, but much work remains before it can be used to produce structures and 
devices with comparable fidelity to SiC RIE. 
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CHAPTER 6. FORMATION AND CHARACTERIZATION OF FEMTOSECOND 
PULSED LASER SYNTHESIZED NANOPARTICLES ON THIN FILMS OF 3C-S1C 
This chapter is excerpted from a paper published in PAys/ca ZeMera (2004) and 
another paper submitted to PAyaica ,4 (2004) 
Yuanyuan Dong and Pal Molian 
ABSTRACT 
We report the formation of highly-oriented, uniform, and spherical nanoparticles of 
3C-SiC as a result of Coulomb explosion during the interaction of near infrared ultrafast laser 
pulses with 3C-SiC thin films grown on Si substrate. Experiments were performed at laser 
fluences well below the single-shot, thermal modification threshold. The formation 
mechanism, size, shape, composition and structure of nanoparticles were analyzed by means 
of such ex-characterizations as SEM, AFM, XRD, AES and Raman spectroscopy. 
INTRODUCTION 
Nanoparticles have stimulated great interest in scientific and engineering 
communities because of their superior mechanical, electrical, optical and magnetic properties 
to their bulk counterparts [1-6]. Consequently their potential use would be extensive in the 
fields of quantum electronics, opto-electronics, information storage and processing, tribology 
and nano-electromechanical machines [7-14]. As an example, recent research has found the 
contribution of SiC nanocrystals embedded into SiOz to a high quantum efficiency of the 
radiative recombinations due to the quantum confinement effects of excitons in the 
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nanoparticles for the applications of bine-green light-emitting diodes and UV photodetectors 
[10]. The nanostructured SiC films with grain size around 20 nm exhibits hardness better 
than the top of the range for standard SiC and can be used for miniature moving parts 
(microgears) for micro-transmission owing to superior friction- and wear-resistance [15]. 
These promising characteristics further spur the research on synthesis and characterization of 
nanopartices in recent years. As a result, a wide variety of physical, chemical, and 
mechanical methods, such as gas condensation techniques, Stranski-Krastanow growth mode, 
colloid chemistry, ion sputtering and pulsed laser deposition (PLD) [16-20], have been 
developed with their own advantages and disadvantages to generate nanoparticle-structured 
materials. 
Recently, considerable research efforts have been directed to the Coulomb explosion 
for nanostructuring of insulator and semiconductor surfaces [21-30]. Theoretical studies [21-
24] and molecular dynamics simulations [25-28] of Coulomb explosion have been well 
documented. Under either impingement of slow, highly charged ions [29] or ultrafast laser 
irradiation at low energy fluence [30], a charged-surface is created due to the emission of 
electrons. This surface, which cannot be neutralized in short time due to low hole mobility, 
stores sufficient repulsive electrostatic energy, which partly converts into kinetic energy 
during the relaxation process, thus causing Coulomb explosion. This explosion has been 
suggested to produce material damage, surface modification, and particle ejection, leaving a 
nanocrater on the surface. Coulomb explosion has been experimentally proven as the 
underlying mechanism of femtosecond laser "gentle" ablation by experimental observations 
of emission of ions during laser heating of semiconductors [31-33] and dielectrics [30]. For 
example, the emitted cluster cations ( Si„Cn/) produced by laser ablation of SiC target were 
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detected by a time-of -flight quadrupole mass spectrometry [33]. Hence, researchers are 
exploring experimental techniques of Coulomb explosion for constructing nanostructured 
materials in nanoscience and nanotechnology. 
We have described a femtosecond pulsed laser induced Coulomb explosion etching 
(CEE) technique in ambient air to directly and selectively generate nanoparticle layers with 
an area down to micron scale and thickness of about 350 nm on 3C-SiC single crystalline 
thin films that are beneficial for nanoelectronics applications [34]. The formation of 
nanoparticles, different from the indirect growth and nucleation process of conventional 
PLD, is initiated by femtosecond laser-induced CEE that leads to homogenously distributed 
nanocraters in the SiC films and ZM-Mfw develops the nanoparticle textured surface. Unlike 
random grain orientation formed by PLD, identical grain orientation is one favorable trait due 
to the direct etching process. In addition, femtosecond (fs) laser, compared with the 
nanosecond (ns) lasers operating in the UV regime classically used for PLD, exhibits striking 
uniqueness including precise micromachining of fine feature with minimal thermal and 
mechanical damage, and micromachining of nearly all kinds of materials, even transparent 
materials due to high peak intensity [35-37]. Femtosecond laser-induced CEE is a potential 
micro- or nanoscale surface modification technique to synthesize highly oriented 
nanocrystalline films for applications such as micro-sensors, microelectro-mechanical 
systems (MEMS) and nanoelectro-mechanical systems (NEMS). The properties of 
nanostructured materials derived from nanoparticles can be tailored by altering the size, 
shape and surface modes of nanoparticles [38]. In this chapter, we not only provide an 
insight into the femtosecond laser interaction of 3C-SÎC films based on Coulomb explosion 
but also analyze the structure and composition of nanoparticles as well as clarify the effects 
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of laser energy fluence on particle size by ex-situ characterization methods including 
scanning electron microscope (SEM), atomic force microscope (ATM), X-ray Diffraction 
(XRD), Auger Electron Spectrometry (AES), and Raman spectroscopes. 
EXPERIMENTAL DETAILS 
A regeneratively amplified Ti:sapphire laser (800 nm, 120 fs, 1 kHz repetition rate, 1 
mJ maximum pulse energy) was used to irradiate the sample (3C-SiC on Si) under air 
ambient as well as argon gaseous environment. The samples consisted of nominal 2-pm-thick 
single crystalline 3C-SiC 61ms that were heteroepitaxially grown on 500^im thick Si (100) 
wafers in an atmospheric pressure chemical vapor deposition (APCVD) reactor using a two-
step growth process described in detail elsewhere [39]. Prior to laser irradiation, the samples 
were polished and rinsed in acetone and methanol in sequence, and then immersed in a 10:1 
HF aqueous solution to remove native oxide layer, and finally rinsed in deionized water. 
The circularly polarized laser beam, steered through a 45° reflecting mirror and 
focused with a 50-mm focal length fused silica lens, was incident normal to the sample 
surface. The samples were mounted on a motorized x-y translation stage and then irradiated 
to generate the modi6ed areas of 1 cm % 1 cm using different laser fluences at a stage speed 
of 1 mm/s. The necessary and sufficient condition for the occurrence of a macroscopic 
Coulomb explosion is low-laser-fluence [30], which basically prevents (he formation of 
dense plasma and ensuing thermal effects [35]. In our previous work on the femtosecond 
laser micromachining of SiC [36], a single-shot threshold of 0.52 J/cnf for non-thermal 
phase and F* = 0.97 J/cm^ for thermal modi6cation phase were noted. For this reason, the 
laser fluences in our experiments were set in the range of 0.45 J/cm^ to 0.99 J/cm^. 
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For the study about the effect of Gaussian profile energy on the size of nanoparticles, 
the modified line was generated by two-pass irradiation of 0.55 J/cm^ laser at a stage speed 
of 1 mm/s. All the experiments were performed in ambient air with Ar gas flow on the 
surface in order to keep the surface clean during the process. 
RESULTS AND DISCUSSION 
&EM C&eracfenWwM 
The nanoparticles were examined in the scanning electron microscope (SEM) (plan 
and side views). Figure 6.1a to d show SEM images of fs-laser induced 3C-SiC nanoparticles 
at four different laser energy fluences. As shown in Figure 6.1a, these nanoparticles are 
approximately spherical, closely packed, and fairly uniform in size (100-200 nm). However, 
with a gradual increase in fluence, the array and shape of nanoparticles appear chaotic and 
irregular (Fig. 6.1c). Once the fluence exceeded 0.99 J/cnf, the modified SiC films 
underwent immediately melting phase accompanied by the disappearance of nanoparticle as 
seen in Figure 6.Id. In chapter 4, a thermal modification threshold F& of 0.97 J/cm^ was 
obtained, which defines the minimal energy fluence for launching thermal damage on 3C-SiC 
thin films by single laser shot. Our results have thus far proven that whether nanoparticles on 
SiC thin Sims are formed or not hinges upon a certain range of low energy fluences. Judged 
from the array and shape of nanoparticles irradiated at different fluences, three distinct 
regimes are classified to correspond to the altered appearance of nanoparticles: formation of 
nanoparticles (below 0.6F*), disordering (0.6-0.8F&), melting (above 0.8F&). The conversion 
of 3C-SiC layer into nanoparticulates took place to a depth of about 3 50 nm (Fig. 6.1 e). Such 
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observations strongly suggest that low energy irradiation is the key to synthesize 
nanoparticles. 
Figure 6.1. Scanning electron micrographs of 800-nm, 120-fs laser-irradiated 3C-S1C 
areas, Plan view for the sample treated at four different laser fluences: (a) 0.45 J/cm^; 
(b) 0.55 J/cm^; (c) 0.65 J/cm^; and (d) 0.99 J/cm^;(e) Side view (cross section image) for 
the sample treated at 0.45 J/cm^. 
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(e) 
Figure 6.1 continued 
Contrary to expectations, there is no correlation between the size of nanoparticles and 
energy fluence. One convenient way to validate the absence of correlation is to examine how 
the particle size varied with beam energy distribution (Gaussian type). Figure 6.2a shows one 
line irradiated at 0.55 J/cm\ Due to spatial Gaussian distribution of laser beam spot, the edge 
of the line (position b, 60 ^m away from the center position d) was exposed to the tail of 
Gaussian beam with the lowest fluence, and the center of line (position d) was exposed to the 
center of Gaussian beam with the peak fluence, position c (30 |im away from the center) was 
subjected to an intermediate fluence. Figures 6.2 b, c and d show the close-up views at three 
positions b, c and d. At b position, nanoparticles were incompletely formed ascribed to 
relatively lower fluence irradiation. However, nanoparticles were fully formed with similar 
size at position c and d, though they were subjected to different fluences. Thus, the size of 
nanoparticles is not fluence dependent within the range that allows nanoparticle formation. 
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Perhaps the most crucial parameter would be wavelength of light. The high harmonic 
generation of femtosecond laser has potential to scale down the size of nanoparticles [40]. 
Figure 6.2. Effect of Gaussian profile energy on the size of nanoparticles. Scanning 
electron micrographs of 800-nm, 120-fs laser-modified 3C SiC line of sample irradiated 
at 0.55 J/cm^ for two passes. 
Figure 6.3 shows typical AFM micrographs of nanoparticles in SiC film irradiated 
below 0.6F&. In figure 6.3a, the picture shows the morphological features of nanoparticles in 
detail. It is observed that the nanoparticles are surrounded by the nanocraters. In addition, the 
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nanocraters are also seen on each nanoparticle and split it into many smaller nanoparticles 
with size of 30-70 nm. Few cavities with a depth of about 145 nm provide the evidence for 
the ejection of particles. These experimental observations suggest that Coulomb explosion 
occurs during the bombardment of fs-laser pulses (low energy fluence) on 3C-SiC thin films. 
The absorption of fs-laser pulse by the defect states (the sources of defects in SiC films are 
from either stacking faults due to 3C-SiC growth on Si [41]or color-centers and mechanical 
defects generated by first pulse [42] ) on the surface of SiC Glms prompts the excitation of 
electrons, creating electron-hole pairs. A repulsive electrostatic Geld is then induced by the 
accumulation of high concentration positive charges (holes) since electron-hole pairs cannot 
recombine instantaneously due to low hole mobility. In this case, Coulomb explosion is 
initiated, leading to ion and particle ejection and eventually forming nanoscale craters on the 
surface as shown Figure 6.2b. It is these craters distributed over the entire irradiated surface 
that makes this nanoparticle-like structure in SiC films. These nanoparticles are thus "left 
over" after particle ejection due to Coulomb explosion. In addition, the nanoparticles were 
uncontaminated without any thermal damage (Figures 6.1a to c). Here the "gentle" ablation 
was initiated by the two-photon absorption and dominated by Coulomb explosion. Once the 
fluence reached thermal modification threshold of 0.97 J/cm^, strong ablation via 
multiphoton absorption has occurred (Figure 6.Id), resulting in phase explosion and 
collateral thermal damage. 
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(a) (b) 
Figure 6.3. The typical atomic force micrographs of nanoparticles in SiC film irradiated 
below 0.6Fa. 
% - JRoy Di/yrocf&w: 
The crystalline structure and orientation of nanoparticles were identified by x-ray 
diffraction (XRD) technique. Figure 6.4 shows XRD pattern of both non-irradiated and laser 
irradiated areas of 3C-SiC films. The (111), (200) and (400) reflection peaks are identified in 
the initial 3C-SiC thin Glms (scan (a)). Scans (b), (c) and (d) are obtained from three different 
samples that were laser irradiated at 0.45 J/cm\ 0.55 J/cm^ and 0.65 J/cm\ respectively. A 
comparison among these scans show that the ratio of intensity of (111) to (200) peaks at 
fluence below 0.6F& underwent a sharp reduction after irradiation at 0.45 J/cm^ and then 
further down to the smallest value at 0.55 J/cm^. However, this decreasing trend did not 
continue with increasing fluence to above 0.6F& as seen in scan (d) at 0.65 J/cnf. In 
addition, the FWHM of (200) peak becomes narrower at 0.45 J/cnf and the narrowest at 0.55 
J/cm^. In all cases, SiC nanocrystals exhibited the initial cubic (zinc-blende) structure. A 
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strong preferred orientation along the <100> direction was observed, indicating the more 
stable structure, together with the narrowing of the FWHM of (200) peak. Nevertheless, this 
desirable crystal structure abruptly deteriorated at the higher energy fluence of 0.65 J/cm^ 
and transformed into polycrystalline structure as characterized by the stronger (111) peak 
over (200) peak and the broader FWHM of (200) peak. This broadening effect is attributed to 
lattice disorder induced by fs-laser irradiation as observed in other semiconductor materials 
Si, GaAs, and Insb [43]. X-ray diffraction further confirms the presence of three such 
distinct regimes in terms of lattice structural modifications: lattice structural rearrangement 
(below 0.6F&) due to lattice heating by femtoseond laser irradiation accounting for a 
preferred orientation along the <100> direction, lattice disordering (0.6-0.8F&) resulting from 
the destabilization of the atomic bonds due to intense emission of electrons, and melting 
(O.SFth) vz'a multiphoton absorption. 
The modification of crystal structure at fluences below 0.6F& is attributed to lattice 
arrangement resulted from increased lattice vibration due to lattice heating [44-46] 
accompanying Coulomb explosion. The ultrafast laser pulse induces a repulsive electrostatic 
field, consisting of uncompensated positive charges due to the emission of electrons on the 
surface. The neutralization of positive charges directly ejects charges and indirectly ejects 
neutrals due to collision. Alternatively, electron supply from the bulk or hole diffusion can 
take place in which case the carrier energy is transferred to the lattice through the emission of 
longitudinal-optical (LO) phonons [45]. These processes result in lattice heating and 
subsequent increased lattice vibration and final lattice reconfiguration. At fluences above 
0.6F*, destabilizing the atomic bonds due to intense emission of electrons [44] directly 
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Figure 6.4. X-ray diffraction spectra of 3C-SiC films unexposed and exposed to the 
ultrafast laser. 
The compositions of virgin and laser-irradiated SiC films were examined by AES. 
Spectra a, b and c shown in Figure 6.5 represent laser as-irradiated, post Ar-ion etched and 
virgin SiC films, respectively. The virgin and post Ar-ion etched films were comparable in 
binding energy and intensity. For the laser-irradiated film, an oxygen contamination was 
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present, but it was rapidly reduced to the same trace amount as that in virgin film after 35 
seconds' Ar ion etching. This suggests that oxygen did not participate in nanostructuring and 
remained as only absorbed oxygen in the SiC surface layer during the laser irradiation due to 











Figure 6.5. The AES spectra of before- and after- irradiated films at 0.45 J/cm\ 
J&mwzM jijpecfrofcopy 
High quality heteroepitaxial Sims are required for the fabrication of electronic 
devices. In the case of 3C-SiC on Si, internal stress, arising from the differences in lattice 
constants (20%) and thermal-expansion coefficients (8%) between 3C-SiC layers and Si 
substrates, is an essential issue that deteriorates the electrical properties. The stress tends to 
change the atomic distances or the bonding forces in crystal and consequently causes the shift 
of phonon Raman bands. Hence, Raman scattering measurements were used for the 
evaluation of stress states of 3C-SiC Sims. Figure 6.6 shows the Raman spectra of samples 
before- and after-laser-irradiation. Transverse-optical (TO) and longitudinal-optical (LO) 
, i i 
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phonon modes are observed at 792.4 and 963.7 cm"', respectively for the laser-irradiated 
samples. Both peaks have a significant red-shift (towards the low-wavenumber side) of 4 cm" 
' and 9.3 cm"' with respect to the TO (796.5 cm"') and LO (973 cm"') phonon modes of bulk 
3C-SiC. The Raman peak at 510 cm"' is associated with the Si substrate. The shift of Raman 
lines and the shoulder of Raman TO peak suggest the existence of the biaxial stresses, which 
are most likely from thermal waves [47]. Here, the strain in 3C-SiC films, estimated from 
Raman measurements, was 0.1% to 0.2% from the equations given below by [48] 
m (TO) = 976.5 + 3734 (-Aa/a,) (1) 
m (LO) = 973 + 4532 (-Aa/a,) (2) 
where ao is the lattice constant. 
Compared with the optical phonon modes of virgin 3C-SiC films (spectrum a), the Raman 
lines of 3C-SÎC films (nanoparticulate films) irradiated below 0.6F& (spectra b and c) 
remained same with respect to Raman line frequencies and linewidths. No evidence of extra 
stress induced by laser irradiation was found and no emergence of other Raman lines 
corresponding to other SiC polytypes was seen, indicative of absence of phase transformation 
under laser irradiation. Therefore, nanoparticle structuring by laser-induced CEE is a low-
temperature technique that benefits device fabrication. It is worth mentioning that both 
carbon clusterization in graphitic phase (band around 1400-1500 cm"') and Si clusterization 
in amorphous phase (band around 480 cm"') were observed and that the amount of these 
clusters increases with energy fluence below 0.6Fa. We believe that Coulomb explosion 
induced SinOn* ejection gives rise to Si and C clusters remaining on the surface. Raman 
spectrum profile of 3C-SiC films irradiated at 0.6-0.8F& (spectrum d) displayed sharply 
reduced intensities and broadening of TO and LO phonon peaks, reflecting a heavily 
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disordered lattice structure in the irradiated films with nanoparticles. These are consistent 
with both degraded array and shape of nanoparticles in SEM micrograph (Fig.6.1c) and 
broadened FWHM (full width at half maximum) of 200 peak in X-ray diffraction (Fig.6.4) 
During the fluence regime of 0.6-0.8F&, intense emission of electrons destabilizes atomic 
bonds and further leads to lattice disorder in crystal while Coulomb explosion ejects ions and 
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Figure 6.6. The Raman spectra taken from before- and after-laser-lrradiated 3C-S1C 
films at different fluences. 
CONCLUSIONS 
An array of highly orientated nanoparticles with size of 30-70 nm on the surface of 
3C-SiC single crystalline thin films was generated wz-jzfw without inducing radiation defects 
in deeper layers of SiC film by femtosecond laser irradiation. The mechanism of defect-
activated Coulomb explosion is responsible for the formation of nanoparticles in 3C-SiC 
Elms. The evidence for Coulomb explosion is the presence of nanocraters around and over 
d: irradiated at 0.65 J/cm 
c: irradiated at ((.55 J/cm2 
b: irradiated at 0.45 J/cm2 
unirradiated 
M] 
nanoparticles. The characterization methods offered greater details of the dependence of 
nanostructuring on energy fluences below thermal modification threshold, F* = 0.97 J/cm\ 
Below 0.6F*, both the m formation of oriented nanoparticles resulting from Coulomb 
explosion and the lattice rearrangement due to lattice heating were observed. But the crystal 
structure of irradiated area still remained the initial cubic structure and nanoparticles were 
arrayed along a strong preferred lattice orientation <100>. Micro-Raman scattering 
measurement revealed that nanoparticulate 3C-SiC layers did not undergo any stress change. 
In the range of 0.6-0.8F&, intense emission of electrons caused the heavily disordered lattice 
structure and degraded the shape of nanoparticles. Above 0.8F&, melting was observed due to 
multiphoton absorption. This is a very intriguing result and has potential applications in 
nanoelectronics and nanotribology. 
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CHAPTER 7. FETMOSECOND PULSED LASER ABLATION OF 
DIAMOND-LIKE CARBON FILMS ON SILICON 
A paper submitted to (2004) 
Y. Dong, H. Sakata, and P. Molian 
ABSTRACT 
Femtosecond pulsed laser ablation (% = 120 fs, X = 800 nm, repetition rate = 1 kHz) of 
thin diamond-like carbon (DLC) Alms on silicon was conducted in air using a direct focusing 
technique for estimating ablation threshold and investigating the influence of ablation 
parameter on the morphological features of ablated regions. The single-pulse ablation 
threshold estimated by two different methods were 4>&(1) = 2.43 J/cnf and ^(l) = 2.51 
J/cm^. The morphological changes were evaluated by means of scanning electron 
microscopy. A comparison with picosecond pulsed laser ablation shows lower threshold and 
reduced collateral thermal damage. 
Keywords; Diamond-like carbon; Laser 
INTRODUCTION 
DLC thin films are known to exhibit some properties characteristic of diamond such 
as hardness, high tensile yield strength, chemical inertness, low coefficient of friction, high 
thermal conductivity, and low electrical conductivity. However DLC films tend to be 
"amorphous" or nanocrystalline with no observable long-range order. These attractive 
properties endow DLC films for numerous scientific and industrial applications such as 
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optical coatings, wear and corrosion resistant coatings, hard coatings, and carbon-based 
MEMS and extended applications in the field emission display devices and electronics and 
MEMS when incorporating metal (Co, Ti, A1 or Fe) into the DLC films [1]. However, its 
favorable properties of hardness and corrosion resistance make it difficult to perform 
mechanical processing and chemical etching. Femtosecond pulsed laser processing 
overcomes these barriers and shows potential to surmount the difficulties in the precise 
machining of hard coatings due to its very high peak laser intensity stemming from the 
extremely short pulse width. Femtosecond pulsed lasers also offer precisely defined 
machining regime with minimal collateral thermal damage [2]. In order to best process the 
DLC films and give insight into its interaction with femtosecond laser beam, the reasonable 
estimation of the ablation threshold must be made as this being very fundamental yet 
valuable, yowagner gf a/ [3] reported that laser (a pulsed picosecond Nd-YAG laser) ablation 
threshold of DLC films could be determined m by the means of measuring the 
photoelectrical signal and the charge of ionized species. Femtosecond pulsed laser ablation 
characteristics of DLC films on silicon are, however, not yet clarified. Here, we introduce a 
simple and more practical method to obtain the femtosecond laser ablation threshold. 
EXPERIMENTAL 
DLC films were deposited on polished surface-side of Si wafer by plasma-beam ion-
injection deposition (PBUD) method. Film thickness was measured as 630 nm using a 
DEKTAK 3030ST surface profilometer. X-ray diffraction using a diffractometer (Philips, 
X'pert PRO) with a film XRD measuring attachment showed a broad halo pattern indicating 
amorphous nature of the DLC films. 
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A Ti:Sapphire oscillator-amplifier system (Spectra-Physics, Model Hurricane X), 
based on a chirped-pulse-amplification (CPA) technique [4], was used to ablate the DLC 
films. The 120-fs laser was operated at a wavelength of 800 nm and a repetition rate of 1 kHz 
with a maximum single pulse energy of 0.9 mJ. The output beam of the laser system is 
linearly polarized light with a near Gaussian beam quality. A set of neutral density (ND) 
filters was utilized to attenuate the beam intensity. Prior to laser processing, each sample was 
rinsed and cleaned in acetone and methanol and mounted on a motorized x-y stage (Coherent 
LabMotion Series). Two sets of experiments were conducted in ambient air. The first was a 
series of holes drilled by varying pulse energy using single pulse. The second was a series of 
holes ablated by varying the number of laser pulses at a given pulse energy. The number of 
laser pulses was controlled by an electronic shutter (UNIBLITZ VMM-T1). 
A scanning electron microscope (SEM) (JEOL JSM 840, 10 kV accelerating voltage) 
in the secondary - electron mode was used to examine the laser-machined features and 
measure the depth of holes by a method of stereo depth measurement. 
RESULTS AND DISCUSSION 
For a Gaussian spatial beam profile with a 1/e^-beam radius 00b, the maximum laser 
fluence at the cross-sectional surface (|)o is proportional to the incident laser pulse energy 
Epuise, 
(7-D 
The diameter D of the laser-processed hole can be correlated with and [5]. Where, 
is ablation threshold fluence. 
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D" = 2w/ ln(^.) (7-2) 
4L 
We rearrange the equation (7-2) based on (7-1) to obtain 
D" = 2w/ ln(^^) (7-3) 
Obviously, we obtain and Eth by a plot of the square of the hole diameter versus 
logarithm of the pulse energy, which are the slope of the plot and an extrapolation to D^ = 0 
on x axis, respectively. Here, we chose 4 pulse energies, 0.24 |H, 0.4 pJ, 0.6 pJ and 0.8 
and one single shot to drill the holes (without penetration of DLC films as observed from 
SEM pictures) separately and obtained cot, = 2.43 pm and Eth = 0.23 pJ or (^ = 2.51 J/cnf 
using the above linear least squares fit as shown in Figure 7.1. 
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Figure 7.1. Squared diameters D^ of the damaged areas in dependence on the applied 
laser pulse energies for single pulse processing (% = 120 fs, X = 800 nm) of DLC in air. 
The slope of the plot is and an extrapolation to D = 0 on x axis is Eg,. 
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Similar hole-drillings were performed using a series of number of pulses (1,5, 10, 
50,100,200,300) at the fixed pulse energy of 0.24 pJ. We also measured the diameter of each 
hole and calculated ablation threshold at different number of pulses by equation (3): Eth(l) = 
0.22 pJ or <kh = 2.43 J/cnf, E&(5) = 0.17 pJ, E&(10) = 0.14 pJ, E&(50) = 0.11 pJ, E&(100) = 
0.095 pJ, Eth(200) = 0.081 pJ, E*h(300) = 0.075 pJ . It is noted that the ablation threshold 
decreases with increasing number of pulses as shown in Figure 7.2. This indicates a strong 
dependence of ablation threshold on the number of pulses, which could be explained by an 
incubation model [6]. 
E*(#) = E,*(1)A^ (7-4) 
Pulse energy threshold E&(N) for N pulses is related to the threshold E&(1) for one pulse. The 
exponent "s" characterizes the degree of incubation in the material. It is 0.81 based on fitting 
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Figure 7.2. Ablation threshold E&(N) at 024 pJ as a function of the number of pulses N 
for the ablation (% = 120 fs, X, = 800 nm) of DLC in air.. The slope is ^s-1". 
characterizes the degree of incubation in the material. 
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This effect stems from multi-pulse induced defect generation and phase transition, 
which changes optical properties - increase in optical absorptivity and resultant decrease in 
the ablation threshold [3]. Such an incubation effect due to ultrashort laser irradiation has 
also occurred in other materials such as metals [7], semiconductors [8], ceramics [9] and 
polymers [10]. Figure 7.3 shows the SEM images of morphological features of holes drilled 
by different number of laser pulses at a pulse energy of 0.24 pJ. It is seen that the lateral 
dimension of holes apparently increases with the increase of the number of pulses until the 
first 50 pulses, after which it increases slowly to reach saturation but the vertical dimension 
of holes still increases. At 500 pulses, a major ablation occurred at the center of the irradiated 
region. Each hole has an elliptical shape caused by linearly polarized laser light. It is also 
observable that each hole has a three-zone morphology from the outmost to the innermost, 
which reflects the spatial distribution of Gaussian beam intensity. It may be noted that the 
modified region (bright part) of single-shot hole at a threshold energy of 0.24 pJ (Figure 
7.3a) is much less than the spot size of laser beam (cot, = 2.43 pm). This could be explained by 
the notion that the only peak of Gaussian laser beam reaches the threshold fluence so that the 
sub-diffraction limit size can be achived [4]. It is worth noting that there is no indication of 
typical lateral thermal damage, like ripples, columns, recast, and cracking which were seen 
on a spot irradiated by a pulsed picosecond (ps) Nd:YAG laser at ablation threshold power 
density [3]. Cracking in ps-laser arises from a significant thermal stress build-up due to large 
thermal gradients. For femtosecond pulses, however, this undesirable effect was significantly 
reduced, suggesting that extremely short pulse duration does not allow heat propagation into 
the surrounding material. In addition, the high efficiency in femtosecond laser processing is 
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Figure 7.3. SEM images of laser-induced DLC surface morphology at 0.24 pJ and N 
pulses (a) N = 1 (b) N = 5 (c) N = 10 (d) N = 50 (e) N = 100 (f) N = 200 (g) N = 300 (f)N 
= 500 
122 
realized when we compare ablation threshold power density of 2.4 KW/cm^ for femtosecond 
pulses with 0.5 GW/cnf for picosecond pulses [3]. Ripples, typically observable wavelength-
related periodic patterns on femtosecond-laser-induced Si, SiC, InP and TIN materials, were 
not seen in DLC possibly because an interference between the incident light and a surface 
wave (generated by scattering) is prevented by the better optical absorption properties due to 
the occurrence of graphitization during ablation [3]. Laser-induced graphitization process 
was verified with micro-Raman measurement [3]. 
Figure 7.4. SEM images of laser-induced DLC surface morphology at 0.24 pJ and 1000 
pulses, (a) x 10k (b) x 30k 
Figure 7.4a shows a hole ablated at 1000 pulses and 0.24 pJ and Figure 7.4b is its 
enlarged view, y&swmarw ef aZ [11] reported 40-fs-laser-induced a fine-slender-granular or a 
fine-dot nanostructure formed on DLC film dependent on different laser polarization. In 
Figure 7.4b, we cannot see such nanostructure as described. High irradiation energy fluence, 
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longer pulse width, different focusing optics or different deposition means of DLC films 
might have been responsible. 
CONCLUSION 
Femtosecond-laser-induced ablation threshold of DLC films was estimated using the 
relation between the hole diameter D, the beam radius (%, and the applied laser peak flunece 
(|)o. The DLC film ablation threshold of 2.51 J/cm^ for femtosecond laser pulses is greatly less 
than that of picosecond laser pulses. The influence of the number of pulses on processed 
features is visibly tracked by the delicate morphological changes of holes. There are no 
commonly observed ripples, cracking and recast found inside and surrounding the holes, 
indicative of the advantages of ultrashort pulsed laser processing. The incubation effect 
occurred upon undergoing multi-pulse shots due to defect generation effect. 
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CHAPTER 8. GENERAL CONCLUSIONS AND FUTURE WORK 
Femtosecond pulsed lasers offer a viable alternative to conventional nanosecond 
pulsed lasers in micromachining and nanostructuring of diverse materials. This research 
provides evidence of the advantages of femtosecond laser micromachining of 3C-SiC and 
DLC thin Sims on Si over nanosecond and picosecond laser micromachining. 
For 3C-SiC micromachining, this study firstly demonstrates that the nonlinear effects 
of air medium in ultra-short pulsed ablation for producing small features (beneficial effect) 
and uncontrollable geometry of ablated regions (deleterious effect) in micromachining. The 
effects of self-fbcusing are not effective until the peak power of the beam exceeds 50 times 
that of the critical power for self-fbcusing. Next, fundamental experiments conducted on 
drilling two sets of holes determine four threshold fluences based on morphologies of the 
damage surfaces distinguished by slight modification, ripple, crater and defect-activated 
ablation. High-quality processing of SiC films with well-defined edges can be obtained using 
energy fluence between thermal-modification threshold and nonthermal-ablation threshold. 
Helium, as an assistant gas, can improve the processing quality and the ablation rate of SiC 
thin films because of the ability of helium to prevent self-fbcusing, its high first ionization 
potential and inertness. Lastly, the study shows feasibility in laser-assisted surface and bulk 
micromachining of MEMS structures. 
For 3C-SiC nanostructuring, femtosecond laser irradiation generates an array 
of highly orientated nanoparticles with size of 30-70 nm on the surface of 3C-SiC single 
crystalline thin films without inducing radiation defects in deeper layers of SiC 61m. The size 
of nanoparticles is independent of energy fluence within a range. Micro-Raman scattering 
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measurement reveals that nanoparticulate 3C-SiC layers do not undergo any stress change. 
But XRD shows the modification of crystal structures after laser irradiation. AES does not 
provide evidence of the participation of oxygen in the formation of nanoparticles. 
Physical mechanisms of the interaction of femtosecond laser with 3C-S1C can be 
explained depending on applied fluences. Above thermal-modification threshold (F& = 0.97 
J/cm^), the physical process is of a classical thermal nature, involving melting, vaporization, 
boiling or phase explosion. Both multiphoton absorption and photo absorption of defects 
launch material ablation. At some irradiation fleunce below thermal-modification threshold 
(Fa = 0.97 J/cnf), nanoparticles in 3C-SiC films are formed and defect-activated Coulomb 
explosion is responsible for this effect. The likely evidence for Coulomb explosion is the 
presence of nanocraters around and over nanoparticles. Irradiation fluences cause the slight 
modification in the lattice structure of nanoparticles. Below 0.6Fn„ the crystal structure of 
irradiated area still remains the initial cubic structure and nanoparticles are arrayed along a 
strong preferred lattice orientation <100>, evident of the lattice rearrangement due to lattice 
heating. In the range of O.ô-O.SFa, intense emission of electrons causes the heavily 
disordered lattice structure and degraded the shape of nanoparticles. Above 0.8?*, melting is 
observed due to the enhanced multiphoton absorption. This is a very intriguing result and has 
potential applications in nanoelectronics and nanotribology. 
Future work could include experimental study on the effect of wavelength on the size 
of nanoparticles and determination of hardness and Young's modulus from nanoindentation 
and spectrum detection. The reduction in nanoparticle size is of significant importance for its 
potential applications in optoelectronics and tribolgoy. An effort to combine microelectronics 
fabrication techniques with ultrashort pulse micromachining to realize a functional MEMS 
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devices is challenge but worth a try. The time-resolved experiments are suggested to 
investigate the emitted ion distributions and instantaneous damage morphologies occurring 
during the laser-matter interaction. This is supportive for best understanding the physical 
process and directs optimization of experiments accordingly. 
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APPENDIX A. Evaluation of B integral 
# = M%7(z)cb 
The following parameters have been applied for the calculations: the on-axis intensity 
2? 
of a Gaussian beam was assumed, according to 7(r = 0) = , fis the peak power, 
2w(z) 
w(z) is the laser beam radius along the beam path z-direction. is the nonlinear index of 
refraction. A is the wavelength of 800 nm. 
2? integral in air from workpiece to lens ( lens has a focal length of 50 mm): 
f = ^^ = 7.5xl0»%% w(z) = w, 
120/r 
1 + ^ zA ^ 
y7t(D0 j 
B = 2^ J> 2f A * %w(z) -dk, À 
1 + ^ zA 
y 
<6 
assuming % = zA 
É L 
«0 "u; 4-A A ™ w. + 
_dx = ^ !P^L±arclg(JL) 
A A Wn 
Wo = 20/zm, M; =12x10 cm IF (inair), 
4 « 27.02 
2? integral in quartz ( lens has a thickness of 6.88 mm at its center ): 
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w(z) = 3/M7M, assuming it is constant. = 2.8x 10'^cm^fF""' ( in quartz) 
^ = — =— r^2.8x!0^c/M^-' 2(7JxlO 
A -ko A ^ ^(3)^ (10"')^ cm ^  
« 0.802 
The total value of the jg integral is 27.822 
APPENDIX B. CRITICAL REVIEW: PHYSICAL MECHANISMS AND 
MODELING OF ULTRASHORT LASER ABLATION 
It has been well known that ultrashort (sub-ps) pulsed lasers offer various advantages 
such as minimal thermal damage and low and well-defined ablation threshold for material 
processing. To keep abreast with fast developing of ultrashort laser technology and its 
increasingly exciting applications, it is indispensable to give an insight into laser-matter 
interactions concerning the nature of excitation, the dynamics of the energy redistribution in 
irradiated solids, and the precursor mechanisms [1] for material removal. In the case of 
ultrashort lasers with a pulse duration of less than 1 ps, the mechanisms of laser ablation 
should take into account both electron and lattice subsystems because the time needed for 
phonon energy relaxation is more than laser pulse width and electron-phonon coupling is no 
longer neglected under this circumstance. The ablation consists of two basic steps: (1) 
absorption of laser radiation inside the surface layers by bound and free electrons (electronic 
subsystem), (2) energy transfer to the lattice (atomic subsystem), bond breaking, and material 
expansion [2]. Unlike nanosecond laser ablation, which goes through a normal phase change, 
so called thermal melting and subsequent thermal phenomena, femtoseond laser ablation may 
not be simply regarded as either thermal or non-thermal process. The mechanisms strongly 
depend on the specific optical and thermodynamic properties of the solid for a given laser 
wavelength and pulse duration. Considerable progress has been achieved on physical 
mechanisms and modeling for a variety of materials by means of both experimental 
techniques (pump-probe technique, time-of-flight spectroscopy, time-resolved X-ray 
diffraction and so on) and numerical methods. However, it still remains as a challenge to give 
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a complete picture of the involved phenomena. The representative mechanisms and related 
modeling for femtosecond laser interactions with metals, semiconductors and dielectrics, are 
outlined below. The physical mechanism for 3C-SiC, a wide bandgap semiconductor, is 
proposed on the basis of the previous findings in combination with experimental results. 
The interaction of short laser pulses with metals begins with the absorption of laser 
energy by free electrons due to inverse Bremsstrahlung. In the case of metal processing with 
ultrashort laser pulses, the absorbed energy leads to strong overheating of the electron 
subsystem but the lattice remains cold. The highly non-equilibrium state of excited electrons 
is firstly relaxed by electron-electron (e-e) collisions, and then the temperature gradient 
drives the diffusion of hot electrons and hot-electron bath cools by electron-phonon (e-ph) 
interaction, the strength of which limits the diffusion range. Finally, electrons and the lattice 
are in the thermal equilibrium, where equilibrium thermal diffusion takes over and carries the 
heat into the interior of the metal [3]. Correspondingly, metals undergo vaporization, boiling 
or phase explosion when the lattice temperature rises up to the thermodynamic critical point, 
which causes the material removal. However, whether melting can occur in metals is still an 
open question. The temperature dynamics of electrons and lattice can be described by one-
dimension, two-temperature diffusion model (TTM) [4,5]: 
Of & 
of 
g(z) = , ,5 = 7(f)j4 a exp(-oz) 
& 
Here z is the direction perpendicular to the target surface, is the heat flux, ^ is 
the laser heating source term, /(%) is the laser intensity, ^=7-7? and « are the surface 
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transmissivity and the material absorption coefficient, C, and C, represents the volumetric 
heat capacity of the electron and lattice subsystem, is the electron thermal conductivity, the 
lattice thermal conductivity is neglected since in metal the thermal conduction is dominated 
by electrons, y is the phonon-electron coupling Actor. 
On the basis of TTM, Chichkov ef a/ [6] derived the ablation depth per pulse L is 
2 % aln(^/p ), Fg is the absorbed laser fluence. The logarithmic dependence of the 
/ A *  
ablation depth on the laser pusle fluence has been demonstrated for metal targets with 
femtosecond KrF-laser pulses [7]. They consider femtosecond laser ablation process as a 
direct solid-vapor transition without undergoing melting because sublimation occurs on a 
time scale shorter than the time for the formation of the liquid phase. 
Kanavin ef a/ [8] studied heat propagation in metal targets irradiated by ultrashort 
laser pulses on the basis of TTM. In the case of a strong electron-lattice nonequilibrium, 7^, 
»7y, aW 7^,6 > %*, are possible ( and are times for electron-phonon collisions and 
electron-electron collisions, respectively). In this regime, the electron relaxation time is 
determined by the electron-electron collisions (?» %*<%r 7y^) and both the electron thermal 
conductivity (kear ^) and the electron thermal diffusivity (D = K*/Ce«r ^) rapidly 
decrease with increasing electron temperature (and laser fluence). At sufficiently high laser 
fluences, the heat propagation velocity is time independent and decreases with increasing 
laser fluence based on analytical solutions for the electron temperature and heat penetration 
depth. This result is beneficial for the processing of metals with ultrashort pulsed lasers. 
Wellershoff ef a/. [3] applied TTM to describe the dependence of the threshold 
fluence on the pulse length and film thickness. Their results show that laser damage of 
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metals, even with femtosecond lasers, is purely a thermal process. Electron-phonon coupling 
is important for femtosecond laser damage and it is reflected by the great difference in 
electron diffusion lengths of noble and transition metals. The stronger the e-ph coupling is, 
the shorter electron diffusion length is. For example, the transfer of energy to the lattice is ten 
times faster for Ni than for Au because Ni has the much larger e-ph coupling constant than 
Au. In contrast, there is much more heat transport through the Au Sim than through Ni Elm. 
Accordingly, using the same fluence, it takes 10 times longer for the Au than the Ni film to 
reach the melting point. This result means that microstructuring is much more efficient in 
metals with strong coupling. 
The interaction of linearly absorbing, covalently bonded semiconductors with 
femtosecond pulses is simply interpreted as: firstly, the material undergoes nonthermal 
ultrafast melting on a sub-picosecond time scale, subsequently, the common vaporization, 
boiling or phase explosion may then contribute to the material removal. The former has been 
the main theme of studies since the discovery of laser annealing to remove crystal damage in 
ion-implanted semiconductors by Van Vechten ef <3/ [9] because the nature of this melting, 
the phase transition of a material from the solid to the liquid, is of fundamental interest and 
practical importance for potential applications in laser-assisted material processing, surface 
photochemistry, optical switching, and optoelectronic devices. Femtosecond laser-induced 
changes in band structure and structural transition in semiconductors play a key role in 
determining the electronic properties of semiconductors because the pulse duration is 
comparable with or shorter than the characteristic times of electron-electron and electron-
phonon relaxation [10]. 
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The studies of the dynamics of laser-induced phase transition on surface of 
semiconductor start with time-resolved optical experiments of femtosecond laser-excited 
silicon [11,12], gallium arsenide [13,14] and indium antimonide [15] by measuring transient 
reflectivity, transmission, and second-harmonic generation [11-13,15] and dielectric function 
[14]. Second-harmonic generation (SHG) in reflection provides information on the order and 
symmetry of the crystal lattice in the surface layer. The decrease of SHG intensity means the 
loss of long-range crystal order. The reflectivity probes the changes in the electronic band 
structure and free-carrier effect. High reflectivity is most probably indicative of the formation 
of a metallic liquid on the surface of the crystal. The changes in dielectric constant mainly 
reflect modifications of the band structure. Using pump-probe technique, the experimental 
results show that the ultrafast drop of SHG following excitation in the high-fluence regime 
occurs within the time interval comparable with the pulse duration and the rise in reflectivity 
occurs after several hundred femtoseconds for Si [11], GaAs [13] and InSb [15]. This phase 
transition on a subpicosecond time scale is too fast to be attributed to the classical thermal 
melting (equilibrium thermal process) since the time required for highly nonequilibrium 
electronic subsystem due to the deposition of optical energy to heat phonon subsystem 
depends on the particular material but lies typically in the range of picoseconds [16]. This 
ultrafast phase transition termed nonthermal melting is due to instability of the crystal lattice 
in the presence of a dense electron-hole(e-h) plasma [17,18]. To support the model of a 
plasma-induced lattice instability [18], the limit of e-h plasma density is in excess of 10^ 
cm"\ which corresponds to approximately 10% the total valence-band population [20]. 
Nanosecond laser pulse cannot produce sufficient e-h plasma density for such a mechanism 
to be effective. Sokolowski ef a/ suggested a simple two-step model of the laser-induced 
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phase transition [12], in which, an initial excitation stage is followed by a transition stage. 
The former is likely responsible for the changes of optical parameters like SHG caused by an 
electronic excitation of a structurally intact solid material because the time scale of SHG fast 
drop is only limited by pulse duration not by materials. The latter relates the structural 
change of materials towards a disordered liquid phase possibly due to a plasma-induced 
lattice instability mechanism [18]. Chin ef a/ [21] utilized time-resolved x-ray diffraction 
techniques on a femtosecond time scale to study ultrafast structural dynamics in InSb. This 
technique offered direct information of laser-perturbed structural properties of crystals. The 
observed lattice expansion on the picosecond time scale is attributed to the combination of 
energy relaxation processes and strain propagation. The nonthermal ultrafast (< Ips) 
disordering of a -30 A surface layer was directly observed. Huang ef aZ [14] reported on 
temporally and spectrally resolved measurements of the dielectric function of femtosecond 
excited GaAs. The response of GaAs to the excitation depends strongly on the incident 
fluence. With increasing incident fluences, the excited GaAs undergoes lattice heating, lattice 
disorder, and semiconductor-to-metal transition. 
Besides the studies of the dynamics of ultrafast nonthermal melting on a 
subpicosecond time scale in covalent semiconductors, Cavalleri ef a/ [22] investigated laser-
induced ablation of GaAs (it is shown that the behavior of GaAs is quite representative of the 
laser ablation process in semiconductors) using time-of-flight (TOP) mass spectroscopy. The 
TOF distribution below the ablation threshold can be modeled with a "free flight" half range 
Maxwellian irrespective of collisions. The measured temperature by fitting the measured 
velocity distributions of particles with the half range Maxwellian model indicates that the 
liquid surface of GaAs is heated significantly above the melting point, reaching a maximum 
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value at the ablation threshold, where the number of detected particles has a step-like 
increase while an ablated layer of about 10-20 nm in depth is observed by interference 
microscopy. This indicates the occurrence of a threshold-like bulk effect such as explosive 
boiling. With increasing fluence above the ablation threshold free flight desorption 
transforms into a collision expansion process. Ablation starts from a and is likely 
to be initially accompanied by expansion, phase decomposition and eventual transformation 
of a dense gas. According to Knudsen-layer theory, the expanded material is a non-ideal gas 
when energy fluence is close to the ablation threshold and it approaches an ideal gas behavior 
when energy fluence is above 2.5 F&. This study experimentally validates that the ablation 
process in semiconductors also undergoes vaporization, boiling or phase explosion as other 
materials. 
Since the application of CPA to terawatt-class laser systems, the investigations of 
laser-induced breakdown of dielectrics, particularly transparent dielectrics, have been carried 
out over many years. A direct impetus is that damage to optical surfaces, caused by the 
intense short pulses, limits further increase of peak power of such systems. Ultraprecise 
micromachining of transparent dielectrics for optoelectronic, micro-optic, and fiber 
technological applications is the driver. The theoretical and experimental studies of physical 
mechanisms mostly address two subjects of why optical breakdown occurs [23-28] and how 
material removal proceeds [29-35]. 
Most researchers agree that the optical breakdown in dielectrics for short pulses is 
assisted by photoionization, such as multiphoton ionization (MPI), which mainly provides 
seed electrons for avalanche ionization. For long pulses, the seed electrons originate from 
background carrier such as impurity or shallow traps. This discrepancy gives a good 
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explanation of the deterministic breakdown threshold for short pulses in contrast to more 
statistical one for long pulses. The generated plasma at a short pulse regime is highly 
localized, which is beneficial for micromachining. A deviation from the scaling rule of F* -
for long pulses is observed below T < 10 ps by Du ef a/ [23] and 20 ps by Stuart ef a/ 
[24]. The damage threshold F* continues to decrease with decreasing pulse width at a rate 
slower than [24,26] since the enhancement of multiphoton ionization or other nonlinear 
effects due to the decrease of pulsewidth may reduce threshold damage. Stuart ef of [24, 25] 
found that multiphoton ionization instead of avalanche ionization likely becomes the 
dominant channel for free electron generation for T < 100 fs. For extremely short pulses (T < 
30 fs), multiphoton ionization alone supplies the critical density of electrons. 
The generally accepted picture of damage to defect-free dielectrics is described as 
follows: (1) multiphoton ionization (MPI) causing the excitation of electrons to the 
conduction band, (2) electron-electron collisional ionization (avalanche process) due to Joule 
heating, (3) the build up of conduction electrons to a critical density (10^), which is 
necessary for further absorption of laser energy, and (4) plasma energy transfer to the lattice, 
thereby inducing the damage. 
Rosenfeld, Ashkenasi, Varel and Stoian's experimental studies and modeling 
calculations [29-32] illuminate the dynamics of ultrashort pulsed laser ablation of dielectrics 
(sapphire) by m az'fw and ex sz'fw measurements through probe-pump technique, time of flight 
mass spectroscopy and scanning electron microscopy. The whole ablation process is featured 
as two successive phases: "gentle" and "strong" etch phases, which have significant 
differences in terms of surface morphology, ablation rate, ion velocity distribution and ion 
angular distribution. According to Stoian' description [30,31], the gentle-etch phase has a 
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smooth surface with almost no pattern developing and no particulates around the rim 
associated with fast ions having the same momenta, which is attributed to Coulomb 
explosion due to a high concentration of uncompensated positive charge following the 
electron photoemission. The strong-etch phase has a greatly increased roughness, numerous 
particulates around the rims, and the splashed solidified liquid with the formerly molten 
material inside the spot and with splintered aspect of the edges indicative of a violent 
mechanism of thermal nature responsible for particle emission, often termed "phase 
explosion." The emitted ions have slower velocity with the same kinetic energies rather than 
the same momenta. During the ablation process, defect formation and incubation effects 
exert the leverage on the material removal in the strong-etch phase. Many studies show that 
first laser-shot-generated defects (color centers) acting as absorption centers enhance the 
absorption of the deposited energy. The accumulation of such defects, termed "incubation" 
seems to reduce the nonlinear order of excitation, lower the damage threshold and increase 
the heating efficiency and coupling of the laser radiation to the sample with increasing 
number of shots. The incubation is a key factor for the occurrence of phase explosion, 
accompanied by violent ejection of a mixture of vapor and liquid droplets from the sample 
[33-35]. For wide band gap materials, it is confirmed that accumulation of defects is 
considered as an additional channel for photon absorption rather than multiphoton 
absorption. 
SiC is a wide band-gap semiconductor (U% > hoo, Ui is band-gap energy (2.3-2.9 eV 
for SiC), hm is photon energy) and does not absoit 800-nm laser light (1.55 eV photon 
energy). Hence, femtosecond optical breakdown in SiC is largely initiated by such excitation 
mechanisms as two-photon or higher order multiphoton electronic transitions from the 
valence band to conduction band. The experimental results have also shown the effect of 
"incubation" (accumulation of defects) for photo absorption that lowers the threshold with 
increasing number of pulses. At an energy fluence equal to or above thermal modification 
threshold fluence of 0.97 J/cm\ the SEM pictures show typical collateral damage of ripple, 
column, recast and so forth at the machined site. The experimental observation indicates a 
thermal nature of femtosecond laser-SiC interaction. This process follows the excitation of 
electrons, the transfer of electron energy to lattice, the rise of lattice temperature to the 
thermodynamic critical point, which causes vaporization, boiling or phase explosion on SiC 
surface, finally material removal. It is expected as occurring in metal, linearly absorbed 
semiconductor and dielectrics. At the energy fluence between 0.45 J/cm^ and above 0.97 
J/cm\ the femtoseond laser irradiation induces thermal-free nanoparticles on SiC surface. 
The particle formation seems like another surface explosion, unlike phase explosion, leading 
to the ejection of materials in nanoscale. 
Coulomb explosion is a plausible mechanism in the gentle-etch phase of dielectrics. 
At such a low fluence, Coulomb explosion more likely starts with the laser energy absorption 
of localized defects than other nonlinear photon absorption. The absorption of fs laser pulse 
by the defect states in the surface prompts the excitation of electrons and creates electron-
hole pairs. A repulsive electrostatic field is then induced by the accumulation of high 
concentration positive charges (holes) since electron-hole pairs cannot recombine 
instantaneously due to low hole mobility. In this case, Coulomb explosion is initiated, 
leading to ion and particle qection and eventually forming nanoscale craters on the surface. 
It is these craters laying over the entire irradiated surface that make this nanoparticle-like 
structure in SiC Sims. 
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In the studies, we found that contrary to expectations, there is no correlation between the 
size of nanoparticles and laser fluence. However, with a gradual increase in fluence, the array 
and shape of nanoparticles appear chaotic and irregular. Once the fluence exceeds 0.97 J/cm\ 
the modified SiC films undergo immediately melting phase accompanied by the 
disappearance of nanoparticle. 
The size of particles, or the size of nanocraters should relate to the strength of the 
electrostatic field causing Coulomb explosion or, more directly, uncompensated electron-
hole density. Sokolowski ef aZ [20] studied electron-hole density in silicon as a function of 
excitation fluence. Based on their result (Figure 7.1.), it is found that electron-hole density 
seems not to have an appreciable increase in the range of from 0.45 J/cm^ to 0.65 J/cm^ 
(these are energy fluences we used to generate nanoparticles). The absorption processes 
determine the plasma density, and thus the density in SiC possible has an even weaker 
increase than in Si. In addition, the recombination of electron-hole likely become faster with 
the increase of energy fluence. As a result, we postulate the change of the strength of the 
repulsive electrostatic field within such a narrow range of energy fluences is insufficient to 
alter the power of Coulomb explosion, hence the size of nanoparticles. However, the increase 
of energy fluences influences the lattice structure through excess heating the electrons, which 
transfer to the lattice during the relaxation process. X-ray diffraction measurements show that 
lattice structural rearrangement from more stable structure to the lattice disorder with 
increasing the energy fluences. Once the energy fluence exceeds a certain value, electron-
hole plasma density reaches a critical amount that can induce lattice instability [15,20] and 












Figure B.l. Absolute electron-hole density as function of excitation fluence [20] 
One question still needs to be answered: can wavelength change the size of particles? 
It might. It is indubitable that the wavelength can significantly affect the absorption 
mechanism. Some shorter wavelengths may result in the photo absorption in much denser 
sites of SiC surface due to the effect of "incubation" or linear photon absorption while 
maintaining the energy fluence at a low level inhibiting the thermal effect in the lattice. In 
this way, Coulomb explosion may take place on denser sites of the surface, thereby reducing 
the size of nanoparticles. 
The analysis above applies the physical mechanisms done for semiconductor and 
dielectrics or wide band-gap materials to interpret the interaction of SiC with femtosecond 
laser. The time-resolved experimental verification of this analytical modeling will be very 
important for a better understanding of Coulomb explosion process by characterizing the 
velocity distribution and angular distribution of the emitted ions. On the other hand, 
calculations of net surface charge density for SiC also provide theoretical support for 
X 
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Coulomb explosion mechanism because surface charge density determines the strength of 
electrostatic Geld and thus is a dominant factor for Coulomb explosion. 
The continuity equation [36] used for free electrons generated by the laser pulses is as 
follows below: 
^ + -  =  ( a 2 l 2 + a n t I ) — ^ — R , - P E  
where is the rate of two photon ionization, n% is the density of particles (a: neutral 
atoms, i: positive ions, e: electrons), / is the laser intensity, / is the electric current density, 
(ZMef is the avalanche term, is the recombination term, and PE is photoemission. 
Maximum photoemission occurs from the surface and decreases exponentially 
towards the bulk given the photoemission term 
^ ^ , GXp(-y) 
1 is the electron escape depth. 
The current density is described as 
J = - eDV/z, 
p.e is the electron mobility and D is the diffusion coefficient. 
The results of this modeling may track the buildup of the net positive charge on the 
surface of SiC as a function of time. It helps if the accumulation of net positive charges 
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